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Apparent dryland salinity on the uplands of southeastern Australia: quantification of 
biotic and abiotic indicators, causes, mechanisms, processes and effects.  
Secondary dryland salinity in Australia has been a major environmental concern for a number of 
decades, yet aspects remain controversial. These include the processes which induce salinised 
soils, the environmental impacts of salinity, and the way in which it is mapped and managed. 
Dryland salinity has been almost universally attributed to rising saline groundwater caused by 
excess water accumulation in the landscape following European settlement and tree clearing. 
However, there is a body of evidence that instead suggests increased soil salinisation in SE 
Australia is attributable to localized surface water problems associated with soil and vegetation 
degradation. 
The ‘Rising Groundwater Model’ has been widely accepted as the paradigm for understanding, 
mapping and monitoring dryland salinity. However, little quantitative research has been 
undertaken to understand the mechanisms and processes that cause secondary dryland salinity 
in the uplands of south eastern Australia. Further, there is little research that demonstrates 
adverse impacts of secondary salinity on terrestrial endemic biota even though it is listed as a 
threatening process to biodiversity. This research tested the applicability of an alternative 
‘Surface Water Model’ to explain outbreaks of salinity or soil surface degradation in this region.    
This research investigated the effects of the joint phenomenon of soil and vegetation 
degradation and elevated salinity levels on soil biotic and abiotic parameters. Field research 
was conducted at ten box/gum grassy woodland sites in the agricultural zone of the Southern 
Tablelands of NSW. A holistic suite of metrics, including soil physical, chemical, hydrological 
and biological attributes, were assessed in the field and laboratory; geophysical surveys 
(EM31/EM38) and various fauna and flora surveys were performed.  
Results indicated that degraded soil surfaces were generally small in area and localized. These 
surfaces had highly variable soil EC levels (often very low), and were associated with in situ 
synergistic factors related to in situ soil and vegetation degradation. Some surfaces had 
accumulated NaCl, but many also had other, both toxic and low cation and anion levels 
particularly reduced levels of Ca, Fe, N, SOM and SOC. Extreme pH levels and other soil 
physical, chemical and biological impacts were also common. It is concluded that elevated soil 
salinity levels are a symptom of soil and vegetation degradation, not the cause. It was found that 
the predominant water movement in these landscapes occurred as overland runoff and surficial 
lateral interflow above the clay-dominant B horizon. There was no biological, pedological, 
geophysical or hydrological evidence of groundwater being a major factor for elevated soil 
surface salinity levels.  
Evidence suggests that these degraded ecosystems are relatively stable but urgently require 
nutrient/SOM input. Many endemic fauna and flora species flourish at highly degraded and 
salinised sites; tolerating elevated and fluctuating salinity levels, at all life cycle stages, which 
may effectively increase the gamma biodiversity in these grassy woodlands. No evidence was 
found to suggest that biodiversity is suffering from rising saline groundwater or elevated soil 
salinity levels per se, or that elevated salinity levels favour exotic species. It is therefore 
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problematical to directly link soil salinity per se with ecological stress, as many other synergistic 
factors are involved and are more significant for degraded soils.  
Management decisions based on reducing the soil surface evaporation potential on site is the 
most coherent approach. Management activities should focus on stock grazing exclusion, soil 
amelioration and revegetation activities using endemic species, rather than focusing on excess 
deep landscape water management with hybrids and exotic plants. The present use of AEM for 
mapping dryland salinity in upland environments is therefore questionable. 
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CHAPTER 1.  
1.1. OVERVIEW: DRYLAND SALINITY, CAUSES AND THE CONSEQUENT LOSS OF 
BIODIVERSITY? 
1.1.1. Secondary dryland salinity in Australia 
Secondary dryland salinity, or areas with elevated soil salinity outside of irrigated districts, is 
considered to be one of Australia’s paramount environmental problems as it can adversely 
impact agricultural land, water supplies, infrastructure, and biodiversity. ‘Secondary dryland 
salinity’ is a term used for salinity that appears to have been induced anthropogenically, 
rather than ‘primary salinity’, which is natural. Secondary soil salinity is typically recognized 
as patches of scalded soil apparently supporting little biota and little primary productivity 
useful to agriculture.  Consequently secondary soil salinity has received a high priority in 
political agenda and associated government programs (e.g. SEAC 1996; PMSEIC 1999; 
NLWRA 2001, 2007; ANZECC 2002; ABS 2002; SRDCC 2002; HRSCSI 2004; Senate 2005; 
ISF 2008).  
The primary cause for soil salinity has been claimed to be rising saline groundwater tables 
that create water logged and salinized surface soils. This model predicts that rising saline 
water tables are caused by the clearing of deep rooted perennial growing plants and 
replacing with shallow rooted annuals during post European settlement of Australia (e.g. 
Clarke et al. 2002, Peck and Hatton 2003; SEAC 1996; PMSEIC 1999; NLWRA 2001; etc). 
However, a growing body of research disputes the rising ground water model for upland 
landscapes and the understanding of dryland salinity processes has become controversial in 
SE Australia. An alternative perspective, reviewed in Chapter 2, suggests that localized soil 
and vegetation degradation has altered surface and soil water processes leading to the 
accumulation of salts in the top soil.  Rengasamy (2002, 2006) and Fitzpatrick et al. (2003) 
call this ‘transient salinity’, Bann and Field (2006a,d) call it ‘surface water salinity’ (or the 
‘surface water model’ – SWM) and Thomas (2007) and Fitzpatrick (2008) termed it ‘non-
groundwater associated salinity’ (NAS). In this thesis, the alternative to the rising 
groundwater model is termed the ‘surface water model’.   
Rengasamy (2002, 2006) describes transient salinity and localized scalding in upland 
agricultural landscapes of southern Australia, pointing out that it has little or nothing to do 
with rising groundwater. He indicates that approximately two thirds of the outbreaks should 
be classified as ‘transient salinity’. Despite this, the reports that deal with biota claim that 
elevated salinity levels from shallow toxic watertables are life-threatening, referring only to 
the rising groundwater model to explain any apparent adverse impacts on biota (e.g. Zeppel 
et al. 2003, Briggs and Taws 2003; EA 2001; NLWRA 2002; ANZECC 2002). Other reports 
claim similar with regards to impacts to agriculture and productivity (PMSEIC 1999; NLWRA 
2001; Clarke et al. 2002). 
To date, the rising groundwater model has dominated the remediation and mitigation of 
dryland saline areas, where predicted outcomes are based on reducing the amount of 
recharge to the groundwater systems, usually by planting trees on nearby hills or increasing 
the depth to the groundwater in the lower areas. These methods are claimed to 
evapotranspire all the presumed excess landscape water. Management activities, however, 
that are based on these presumptions have been failing (George 2006), whereas activities 
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based on the Surface Water Model are succeeding (e.g. Wagner, 2002, 2005, Paulin 2002; 
Bann and Field 2006b; Andrews 2006, 2008; Marsh 2009).  
However, recent research claims that dryland salinity arises from higher rainfall and that land 
clearing has little to do with the situation (Rancic et al. 2009; DECC 2009; Summerell et al. 
2009). These reports lead to media articles inferring that previous models are wrong and that 
“textbooks will have to be rewritten” (SMH 2009). It is therefore apparent that the 
fundamental processes that cause dryland salinity in upland landscapes are in dispute. The 
implications are serious, as the planning, management and financial repercussions are 
paramount.  
 
1.1.2. Dryland salinity and terrestrial biodiversity 
Biodiversity loss in Australia is also a major problem and secondary soil salinisation is 
reported to threaten endemic terrestrial and aquatic biodiversity in southern Australia (e.g. 
EA 2001; NLWRA 2002; ANZECC 2002; SRDCC 2002; Zeppel et al. 2003; Lambers 2003; 
NPAJ 2002; Briggs and Taws 2003; NPWS 2004; Seddon et al. 2007). These reports 
identify the urgency of investigating the effects of secondary soil salinity on terrestrial 
ecosystems and processes, particularly threatened and near threatened species and 
ecological communities. As a result secondary dryland salinity has been classified as a 
“threatening process” to endemic biodiversity (EA 2001) and the salinity problem is 
considered to be enduring and predicted to worsen before things improve (PMSEIC 1999; 
NLWRA 2000). 
Despite this, very little research has been undertaken to investigate the effects of increasing 
soil salinisation on terrestrial biodiversity, particularly in the productive dryland areas of 
southeastern Australia. This limited research performed concludes that elevated soil salinity 
levels cause the death of endemic trees and grasses. In addition dryland soil salinity is 
claimed to favour the presence of weeds and severely impact ecosystems, particularly 
already stressed fauna (Taws 2003; Briggs and Taws 2003; Zeppel et al. 2003; Thompson 
and Briggs 2005; Seddon et al. 2007).  
Conversely, a growing body of research indicates that soil salinity per se is not such a 
threatening process to terrestrial biota. A review of this literature is provided in Chapter 2. In 
addition, some researchers identify the importance of primary or natural salinity in the 
landscape, which is difficult to distinguish from secondary salinity (e.g. Dahlhaus et al. 2008; 
Nathan 1999) and common across southern Australia. They point out that salinity should be 
managed as such, rather than attempting to eradicate it, which clearly creates a 
management conundrum. 
 
1.2. THESIS FOCUS 
 
This thesis investigates and quantifies biotic and abiotic parameters associated with 
increasing soil and vegetation degradation and salinization. It also examines the effects of 
this degradation on terrestrial biodiversity in Eucalyptus melliodora (yellow box) and E. 
blakelyi (Blakelys red gum) Grassy Woodlands on the uplands of SE Australia. This 
woodland ecosystem was chosen because it is listed as an Endangered Ecological 
Community in both State and Federal Acts and Critically Endangered in the Environment 
Protection and Biodiversity Conservation 1999 Act. The Southern Tablelands of NSW was 
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chosen due to its proximity to the ANU facilities and because Yellow Box-Red gum Grassy 
Woodlands are common in this region and ultimately, dryland salinity is regarded as a major 
problem in the region and is considered to threaten its existence. 
As the problem is multifaceted and complex, a holistic, multidisciplinary approach is adopted 
to investigate inter-relationships, using a suite of both biotic and abiotic survey methods that 
focus on fundamental regolith and ecosystem processes. The investigation of abiotic 
parameters in association with biotic variants will assist identifying processes that not only 
cause dryland salinity in these landscapes but also its effects and ultimately, recommend 
strategies for future salinity management priorities and activities. It is therefore anticipated 
that the results will contribute to the knowledge and understanding of the processes 
controlling dryland salinity on upland landscapes and the associated ecological responses 
and ultimately, be useful for remediation and management activities.  
Additionally, it is anticipated that the metrics, or indicators, that identify relationships between 
increasing salinity levels and abiotic/biotic processes will be integrated into an efficient and 
practical survey technique, or ‘tool box’, applicable to upland sites affected by, or at risk of, 
increased degradation and salinisation. This information will be useful for land managers, 
policy makers and national regulatory agencies that are increasingly asking for assessments 
of current and potential soil degradation, including salinity, to use as inputs for landuse and 
resource management decisions and regulation. Lastly, the research will identify potential 
endemic grass and tree species that exhibit tolerance of elevated salinity levels and other 
associated factors, to be used with the suggested remediation activities identified with the 
indicators.  
 
1.3. PROBLEMS AND PARADIGMS 
 
A number of problems have been identified regarding dryland salinity and its presumed 
impacts on biota in Australia. These problems arise due to associated prevailing paradigms, 
which are interlinked; 
1) All salinity is considered to be secondary, despite primary salinity being natural and 
salinity affected areas are often sporadic; dependent on seasons and climate. 
 
2) All salinity affected areas are considered to be caused by unusual shallow and rising 
saline groundwater tables, despite field research from most states suggesting 
otherwise. 
 
3) Therefore, there is a poor understanding of the causal mechanisms associated with 
dryland salinity. 
 
4) Salinity is consequently considered to be the cause of soil and vegetation 
degradation rather than a symptom of it. 
 
5) All terrestrial biota is considered to be adversely impacted by these hypothetical toxic 
groundwater tables and soil salinity in general, whilst exotic species are considered 
the most tolerant, hence exotic are favoured for remediation. 
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6) Any trees appearing to be unhealthy or are indeed dead, wherever there are scalds 
or simply elevated soil salinity levels, are blamed on salinity and toxic conditions. 
 
7) All management activities are based on the rising groundwater model 
 
8) All mapping activities are based on the rising groundwater model (i.e. the use of EM 
and AEM) 
 
9) All modeling activities are based on the rising groundwater model  
 
10) Salinity is reported to be expanding, often at alarming rates, in most states, including 
NSW and the Southern Tablelands, due to regional rising groundwater 
 
11) All remediation and research funding opportunities are based on the rising 
groundwater model, hence research funds have been directed to groundwater 
monitoring, hydrologists etc., rather than pedologists 
 
12) Species used for remediation are commonly exotic or hybrids 
 
These problems and paradigms are more fully developed in Chapter 2. 
 
1.4. THESIS QUESTIONS 
 
 Six thesis questions were derived to address these problems and paradigms; 
1) What are the dominant mechanisms for the formation of dryland salinity on the 
uplands of SE NSW, or, what are the likely causes? 
 
2) Are these mechanisms predominantly ‘top down’, associated with degradation, or 
‘bottom up’ associated with rising saline groundwater? 
 
3) Are salinity affected areas linked to endemic fauna and flora mortality? In other words, 
is dryland salinity a threatening process and are these areas biological deserts? 
 
4) As salinity is natural in Australian soils, do endemic flora species show tolerance of 
the conditions and can they be recommended for remediation and management for 
such conditions? 
 
5) What is the most applicable conceptual causation model to explain dryland salinity in 
upland landscapes? 
 
6) What activities are most relevant for the management of dryland salinity, or areas 
affected by elevated salinity levels in these landscapes and what is the best method 
to map and monitor such expressions? 
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1.5. RESEARCH AIMS AND HYPOTHESES 
 
The aim of this research is to rigorously test four hypotheses and alternative hypotheses 
devised to test previous process and causation knowledge and understanding; 
1) Abiotic and biotic attributes at sites affected by dryland salinity at grassy woodland 
upland sites of SE NSW are associated with surficial, ‘top down’ degradation processes 
 
2) Alternative hypothesis: Salt affected areas in upland landscapes are universally caused 
by rising saline groundwater tables, in other words, a ‘bottom up’ process 
 
3) Elevated soil salinity levels adversely impact all terrestrial fauna and flora – scalds are 
biological deserts (i.e. dryland salinity is a threatening process) 
 
4) Degraded salt affected areas are highly dysfunctional, they have low rates of water 
infiltration, have unstable soil surfaces and low rates of nutrient retention and cycling    
 
5) Degraded salt affected areas should be managed so as to remediate and ameliorate in 
situ soil and vegetation, addressing soil structure and vitality (health), surface water flows 
and groundcover, thus reducing the surface evaporation 
 
6) Alternative hypothesis: Degraded salt affected areas should all be managed so as to 
reduce recharge to the groundwater table and Increase the depth to the groundwater at 
the ‘discharge zone’.  
 
1.6. RESEARCH OUTCOMES AND IMPLICATIONS 
 
A number of desired outcomes were expected from this research, including; 
1) A better understanding of processes that may cause dryland salinity and soil degradation 
on the uplands of south eastern (SE) Australia; 
 
2) Development of a more appropriate salinity model for upland landscapes; 
 
3) A better understanding of the effects of severe degradation and elevated salinity levels on 
terrestrial biota and ecosystem function in Yellow Box Red Gum Grassy Woodlands of SE 
Australia; 
 
4) Development of a robust suite of indicators for a monitoring and evaluation methodology 
for farmers, land managers and researchers to use for salinity and land management 
activities in upland landscapes; 
 
5) A list of recommended remediation activities based on the results, including suitable 
endemic species for salinity revegetation/management in Yellow Box Red Gum Grassy 
Woodlands. 
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6) Development of a more sustainable management approach and future conservation for 
the Yellow Box Red Gum Grassy Woodlands, particularly those associated with degraded 
areas associated with elevated salinity levels on the Southern Tablelands. 
 
1.7. RESEARCH STEPS 
 
The following steps were conducted to achieve the research aim:  
1) Review applicable research and reports and visit or contact relevant experts to discuss 
research ideas, 
2) Use systematic selection criteria to identify a representative subset of study sites  
 
3) Investigate relevant metrics to enable qualitative and quantitative biotic and abiotic 
surveys of sites with scalded and non-scalded areas be conducted. Relevant metrics are 
chosen which focus on identifying the fundamental mechanisms of the regolith, or system.  
 
4) Use the results from the field surveys and laboratory analyses to test the above 
hypotheses, 
 
5) Develop a more applicable conceptual model of dryland salinity cause, formation, and 
management, 
 
6) Identify useful indicators from step 3 applicable for assessment and monitoring activities 
designed to investigate effects of salinity and soil degradation on terrestrial biodiversity, 
 
7) Suggest appropriate salinity management strategies for upland sites based on an 
understanding of the system gained in step 4, 5 and 6. 
 
1.8. THESIS STRUCTURE  
 
The thesis is structured as follows: 
Chapter 1: a brief overview of the rationale and focus for this research  
Chapter 2: a review of the literature relevant to explain the basis for the paradigms 
challenged, and the six questions and six hypotheses stated above. The review is divided 
into four broad sections; 
 Problem definition: Recognition of secondary soil salinity in Australia   
 Evidence and models of secondary soil salinity development and maintenance,   
 The impact of dryland salinity on biodiversity and landscape function, and 
 Existing management strategies to reduce the impact of soil salinity. 
 
Chapter 3: describes the study region, including climate, landscape and catchments, 
geology, soils and vegetation. It then describes how the ten individual research sites were 
chosen and provides descriptive information for each site.  
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Chapter 4: describes the overall methodology rationale used to answer the questions and 
test the hypotheses, and the reason for using the method. In order to identify the biotic and 
abiotic processes operating at the surface, it was necessary to identify the causes of any 
responses to enable explaining the relationship of any effects.  Methodology was therefore 
focused on collecting metrics likely associated with alterations to soil chemical, physical, 
hydrological and biological attributes. The methods are divided into abiotic and biotic 
indicators, involving both qualitative and quantitative data collection. Statistical analyses 
methodology is also reported. 
Chapters 5, 6, and 7. Contains the abiotic metric results which focus on testing hypotheses 
1 & 2 – ‘causation processes – surficial or groundwater?’ 
These three and the following four chapters are structured as introduction, technical 
methods, results and discussion for each. 
5. EC(1:5), pH and soil cations and anions. This chapter examines weather soil 
surface degradation is consistently related to elevated levels of salinity at both the surface 
and at depth. Lateral, vertical and temporal measurements are reported and associations 
between indicators with degradation 
6. EM (ECa and depth ratios). This chapter investigates the apparent electrical 
conductivity of the sites and relationship to surface soil EC(1:5) measurements, in addition to 
examining lateral, vertical and temporal variation. It also investigates where in the soil profile 
the predominant changes occur between 2 surveys at different seasons with different 
moisture regimes. 
7. Landscape hydrology; overland flow, infiltration, piezometers and soil moisture. 
This chapter investigates where in the landscape the predominant movement of water is, 
and what affects this may have on causation of the degraded areas. It provides vital 
information to support the conclusions derived from chapters 5 and 6, that causation is 
surficially driven, associated with soil and vegetation degradation. 
Chapters 8, 9, 10. Contains the biotic metrics that focus on answering Hypothesis 3 – ‘are 
scalds biotic deserts?’:  
8. Fauna; contains the biotic data and provides the results that disprove that scalds 
are a biological desert, are indeed islands of elevated disturbance providing habitat for a 
number of taxa, many which thrive in the disturbed and degraded conditions. This effectively, 
may increase the gamma biodiversity of the grassy woodlands. The results also negate deep 
groundwater issues.  
9. Flora: contains the floral component of the biotic data and provides the results that 
endemic flora species are tolerant of elevated salinity levels. No evidence was found that 
suggests that the endemic grass or tree species are impacted by elevated salinity levels. 
10. Microbes, respiration and SOM; contains the subsurface information that 
indicates that bulk soil respiration rates and microbial activity is low at many degraded areas, 
especially scalds, many bare areas still have reasonable levels of activity. The presence of 
soil organic matter, including carbon, was also investigated. It was found that bare degraded 
areas, especially scalds, are often critically low in SOM and SOC, which is the likely reason 
8 
why microbial activity is low. It is apparent that SOM is urgently required in remedial 
activities at these degraded sites.   
Chapter 11. Landscape Function Analysis (Hypothesis 4 – ‘are scalds functional?’): reports 
the results of the Landscape Function Analysis that quantifies links between species 
diversity, vegetative structure and fundamental processes of soil stability, water infiltration 
and nutrient cycling. Important LFA indicators are presented separately which focus on both 
important abiotc and biotic attributes. Nutrients, N and P, are also presented.  
Chapter 12: General Discussion: Section 1 summarises the results and describes an 
alternative model (Question 5), called the ‘Surface Water Model’, which is based on elevated 
soil surface evaporation potential associated with soil and vegetation degradation, for the 
development and maintenance of scalds found on the Southern Tablelands of NSW and 
other upland environments across southern Australia. 
Section 2 focuses on the management implications of the results. It concludes that reducing 
ground water recharge (Hypothesis 6 – ‘best management practices’) is an overly simplistic 
approach to managing scalded areas in the Southern Tablelands of NSW. Focusing on soil 
hydrology and remediation and vegetation regeneration with endemic species is the more 
coherent approach. 
Further research questions and ideas for future research are also included. 
Chapter 13: draws conclusions from the research, and addresses the six research 
questions and four hypotheses and 2 null hypotheses.  
A number of Appendices are provided to provide supplementary detail.   
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CHAPTER 2 
 
LITERATURE REVIEW 
 
2.1. Problem definition: Secondary soil salinity in Australia   
Secondary soil salinity is salinity which is considered to have been induced by human 
activity as opposed to primary salinity which is natural. In Australia, secondary soil salinity is 
basically divided into two types, dryland and irrigation salinity. Although irrigation salinity is 
common in SE Australia, irrigation is rare on the uplands of the Southern Tablelands of NSW 
(STNSW), hence it is not the focus of this research.  
Dryland salinity in southern Australia is seen as a  paramount environmental concern and 
has consequently received high priority in political agenda over the past one and a half 
decades (e.g. PMSEIC 1999; MDBCMC 1999; NLWRA 2000, 2001, 2002, 2007a,b,c; 
NSWSS 2000; EA 2001; SCS 2002; AAS 2002, 2006; NDSP 2002, 2003, 2004, 2006; ABS 
2002; ANZECC 2002; SRDCC 2002; Senate 2006; NCCSI 2006; Henschke et al. 2008; 
Rancic et al. 2009; DECC 2009; Steffen et al. 2009: ACF 2009). 
Dryland salinity is reported to impact roads, towns, infrastructure, agriculture, land, water, 
and biodiversity (e.g. Walker 1995; Martin and Metcalfe 1998; PMSEIC 1999; Jolly et al. 
2002; SRDCC 2002; NLWRA 2000, 2002; ANZECC 2002; Lambers 2003; NAPSWQ 2004). 
Former Australian Prime Minister, the Hon. John Howard, stated that salinisation is ‘The 
most serious environmental problem facing the Australian continent’ (ABC Radio National 
26-03-01). According to the NLWRA (2001) 5.7 million hectares are at risk to dryland salinity 
in Australia and this was predicted to triple to 17 million ha by 2050. In NSW, 161,000 ha in 
2000 is predicted to increase to 526,570 ha by 2050 and Victoria 555,000 ha to 1,170,000 
ha (NLWRA 2001). The total amount of remnant vegetation at risk was reported to be 
630,000 ha, which was predicted to increase to 2,000,000 ha by 2050. Salinity has been 
emotively described as “The great white beast that lurks below” (AAS 2004, 2006), which 
has been “unleashed”, “The creeping silent death”, “The awakening monster from the deep”, 
“The white death”, “Our silent disaster”, “The silent flood” (Sexton 2003), and “The salinity 
crisis” (Beresford et al. 2004). State agencies (in Beresford 2004; NAPSWQ 2004) estimate 
that in Western Australia one hectare (football field) in area per hour was being lost to 
salinity.  
Moreover, dryland salinity has even been linked to public health and disease, following a 
number of cases of Ross River Virus near a dryland salinity expression in Queensland, the 
salinity expressions considered a breeding zone for mosquitoes, vector species of virus 
(Biggs and Mottram 2008). Lindsay et al. (2007) also discuss this link, suggesting that as 
dryland salinity expressions in Western Australia expand in area, habitat for saltwater 
mosquito species increases, implicating an increased likelihood of the virus transmission due 
to the salinity.  
However, governmental concern about dryland salinity is not new. Since very early 
observations, salinity has been the subject of Royal Commissions, government inquiries, 
international and national conferences, research studies and publications, books, television 
programs and repeated warnings by many scientists from a range of disciplines. Yet many 
uncertainties still shroud the salinity issue in Australia, regarding its history, processes, 
10 
causes, and impacts to biota and ecosystems hence, the way in which it is mapped, 
modeled and managed This will be reviewed below. Of all the environmental problems 
facing Australia, secondary dryland salinisation is probably the least understood. The 
ongoing and reported escalating nature of salinity across southern Australia indicates that 
the present understanding of the fundamental processes are lacking. Indeed, relatively 
recent reports by Professor Ian Acworth (SMH 2009) from the UNSW claim that Australia’s 
understanding of salinisation processes are wrong, land clearing is not the problem after all, 
rainfall is, hence, “Textbooks on the subject will have to be rewritten”. Most recently, Pannell 
and Roberts (2010) report that A$1.4 billion of public funds spent on the National Action Plan 
for Salinity on 1700 projects over seven years (2000-2007) was a waste of money, and was 
“readily foreseeable”.  It is therefore apparent that the situation requires urgent investigation. 
 
2.2. History and sources of dryland salinity in Australia 
High soil and waterway salinity in south eastern Australia was identified early during 
European colonisation (Cunningham 1827, Clarke 1868, Morrison 1898). Cunningham (1827) 
noted (p46) that streams north west of Sydney often had water too salty for cattle to drink (i.e. 
~16.5 dS/m, or 16,500µS/cm; Taylor 1996) and wrote, “There is certainly a considerable 
portion of saline matter in most lands throughout the colony. You will see it often, in dry 
weather, lying like hoar frost upon the ground in the vicinity of ponds; while in the burning of 
the stumps, it covers the outside of the earth-kiln with a thin powdery efflorescence” (p47).      
Clarke (1868) reported that an earthquake in 1809 caused the water to change from fresh to 
salty in William Lawson’s well at Prospect, west of Sydney. He commented that the soil on 
which Lawson’s house was built was naturally saline with dense stands of Juncus sp. lining 
the valley floor below (Mitchell 2000). Sturt reported on his 1828 expedition to western New 
South Wales, prior to any agricultural impacts in the area, that the Darling River was salty 
(Close 1990) and that the creeks and rivers were often too salty for his stock to drink. This is 
considerable, as thirsty sheep will drink ~23 dS/m (23,000 µS/cm), or about half that of 
seawater (Taylor 1996). 
Increasing salinity was first recognised in the Western Australian landscape during the late 
1800’s (Lefroy 1863 and O’Brien 1912 [cited in Cunningham 2005]; Morrison 1898; Wood 
1924). Wood (1924) is commonly cited as being the first to suggest a link between 
vegetation clearing and secondary salinity in Australia, although his evidence is considered 
to be qualitative being based on observations. Numerous articles by Teakle (1938) during 
the 1920’s and 1930’s identified serious problems of soil salinity, informing government, 
fellow scientists and farmers that the problems are caused by low rainfall, soil type, 
topography, and the removal of native vegetation.  
All States and Territories in Australia are affected by dryland salinity to some degree 
(PMSEIC 1999; Conacher and Conacher 2000; NLWRA 2000; ABS 2002; NAPSWQ 2004). 
Western Australia has the greatest extent (Peck and Williamson 1987; George 1992; 
Ferdowsian et al. 1996; Campbell et al. 2000; Short and McConnell 2000; Beresford 2001; 
Clarke et al. 2002), followed by South Australia (Jolly et al. 2000; Barnett 2000), Victoria 
(Jenkin 1981; Allan 1996; Clifton 2000), New South Wales (Littleboy et al. 2001; Wagner 
2001; Tuteja et al. 2003), Queensland (Hughes 1983; Gordon 2001; Thorburn et al. 2002), 
Tasmania (Colclough 1973; Bastick and Walker 2000; Hocking et al. 2005: DPIW 2007), and 
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to a far lesser degree, the Northern Territory (Tickell 1994a,b,c) and the Australian Capital 
Territory (MDBCS 2006). Although, the NLWRA (2000) suggest that dryland salinity is not 
present in the ACT. 
Logan (1958) noted that the salt affected soils throughout the NSW tablelands and slopes 
were rapidly increasing in area, although quantitative data for the increase was not provided. 
A number of others have claimed the same, including Dyson (1990), Powell (1993), 
MDBCMC (1999) and NLWRA (2001), with figures of up to 17% increase per year reported. 
However, no objective evidence is supplied and the claims appear to be unsubstantiated. 
Wagner (1987, 2001) however, with data for 96 sites, some of which spanned the 50 years 
of his work, provided irrefutable evidence that the majority of salinity outbreaks on the 
Southern Tablelands of NSW are not expanding and particularly disputes the claims of 
Powell (1993).  
Dryland salinity predominantly occurs in landscapes where evaporation rates exceed 
precipitation, causing soluble salts (evaporites) to accumulate in the soil surface (Walker 
1995; NLWRA 2000). In humid regions leaching readily removes surface soil salts, 
particularly sodium, because of its high solubility and the weak attraction for sodium for 
cation sites, however, in arid and semi-arid regions, sodium may accumulate and occupy 
more of the exchange positions than the other cations (Szabolcs 1989; 1998). These 
increased soil salts are in concentrations considered high enough to adversely affect biota, 
particularly crops (Northcote and Skene 1972; Szabolcs 1989; 1998; Rengasamy et al. 2003) 
and according to Taws (2003), Briggs and Taws (2003) and Zeppel et al. (2003), endemic 
species. This will be investigated in this thesis. 
 
2.2.1. Salt origin 
Soil salt originates from a combination of sources. Meteoric salts from the sea and land 
surface are deposited from rainfall (Blackburn and McLeod 1983; Simpson and Herczeg 
1994; Poulsen et al. 2006) and dust (Nicoll 1993; Kiefert and McTainish 1996; Walker 1995; 
Acworth et al. 1997; Summerell et al. 2000). The amount deposited from rainfall depends on 
the distance from the coast, with inputs decreasing as one moves inland (Ruprecht and 
Schofield 1989, 1991; Williamson 1990; Biggs 2006) and total annual rainfall, with figures of 
up to 350kg/Ha/year in southwest Western Australia (Walker 1995). Bettenay (1964) 
concluded that most of the salt contained in the landscape of a catchment in the Western 
Australian Wheatbelt was from long term accumulation of atmospheric inputs (cyclic). 
Downes (1954) also found that cyclic salts were the dominant factor in the genesis of saline 
soils in SE Australia. Poulsen et al. (2006) indicate that 75% of salts in the Mount Lofty 
Ranges region of South Australia are of marine origin. Indeed, the majority of oceanic salts 
originally came from the weathering and erosion of rocks (Bresler et al. 1982). The 
weathering of minerals in the rocks and regolith (innate), in addition to (fossil) salts emplaced 
in the rocks during marine deposition (connate), also contribute to salinity (Gunn and 
Richardson 1979; Gunn 1985; Bresler et al. 1982; Walker 1995). In regions where irrigation 
occurs, salt can be added to the landscape due to salts contained in the irrigation water 
(Bresler et al. 1982; DPI 2005), however, irrigation is uncommon on the uplands of the 
Southern Tablelands.  
As the Southern Tablelands receive low/medium average annual rainfall which is generally 
not directly associated from coastal influence, a number of researchers have suggested that 
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the predominant source of salts on the Southern Tablelands of NSW is from aeolian 
deposition, particularly during dryer (and windier) glacial periods (Broughton 1992; Nicoll 
1993; Acworth et al. 1997; Kiefert 1997; Munday et al. 2000; Melis and Acworth 2001; 
Acworth and Jankowski 2001). Many researchers have indicated that northwesterly and 
westerly winds have been transporting and depositing significant amounts of dust across 
eastern Australia during the Pleistocene, including that derived from inland playas, and this 
process continues to the present day (Butler 1956; Walker and Costin 1971; Bowler 1976, 
1986; Bowler and Wasson 1984, 1989; Chartres et al. 1988; Wasson and Donnelly 1991; 
Crowley 1994a; Kiefert 1997; Chen et al. 2002; Melis and Acworth 2001; Cattle et al. 2005). 
Chartres et al. (1988) investigated soil development in SE Australia and suggested that up to 
20% of the surface soil horizons may have originated as aeolian deposits, with up to 70% by 
weight aeolian material added to the soils near Young (approximately 100km northeast of 
the study area). However, the amount contributed to the source of dryland salinity by aeolian 
processes has been questioned (Campbell and Hesse 2004). Using isotopic evidence, 
Morgan et al. (2006) suggested that the saline groundwater in a catchment near Dubbo on 
the Central Western Slopes was from various proximal and distal sources although they 
found that the salt was of meteoric origin.  
It is therefore apparent that the predominant origin of salts on the Southern Tablelands of 
NSW is both complex and undetermined. The issue is of importance to this research as the 
origin of salts is likely to play an important role as to the frequency of addition (accumulation 
rates), where in the regolith the salts are presently (and historically) stored and whether they 
are derived from surficial or subterranean sources. A relatively constant meteoric source 
suggests that much salt is likely to be accumulated and stored in surface material, or soils, 
and shallow watertables and is also likely to be transported laterally and surficially as 
interflow as described by Cope (1958), Conacher (1975, 1983) and Murray (1996). 
 
2.2.2. Primary and secondary salinity 
Research or management of salinity requires that it be accurately defined and identified. 
Australia is regarded as one of the saltiest continents on earth (Zharkov 1981, 1984; 
Tadeusz 1987; Szabolcs 1989; 1998; Ghassemi et al. 1996) and is also considered to have 
the highest proportion of saline and sodic soils with respect to the total land area (Skene 
1969; Szabolcs 1989; Sumner and Naidu 1998). Indeed, salinity in the Australian landscape 
predates European settlement by millennia and primary, or ‘natural’ salinity has been a 
feature since the Proterozoic, with massive evaporite (salt) deposits in many ancient basins 
across Australia (Wells 1980; Zharkov 1981, 1984; De Deckker 1983). These include the 
Amadeus, Adavale, Bonaparte, Canning, Carnarvon and Officer Basins (Zharkov 1981, 1984; 
Tadeusz 1987; Rowntree et al. 2004), which have evaporite sequences up to 2.2km thick 
(Lindsay 1993). Salinity has been a feature of the landscape of southern Australia in both 
dryland and irrigation regions, especially since the Quaternary (Bettenay 1962; De Deckker 
1983; Williams 1986; Crowley 1994a). Crowley (1994a,b) indicated that Australia’s climate 
has been becoming more arid since the Quaternary, with extensive areas of southern 
Australia affected by increasing salinisation as a result. He suggested that such soil 
salinisation contributed to a shift from Casuarina to Eucalyptus dominance of interglacial 
sclerophyll vegetation. Many rivers and creeks were salty prior to European modification 
(Clarke 1868; Close 1990), as is evident from the numerous references to ‘salt’ or ‘salty’ in 
Australian river and creek nomenclature (e.g. Figure 2.1 Saltwater creek).  
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Bettenay (1962) and Clarke and Alley (1993) indicate that there are widespread and 
extensive primary (natural) networks of valley and palaeovalley fills in the Western Australian 
Wheatbelt, with complex architectures and relationships to the present landscape, the result 
of a long evolutionary history dating back to the Jurassic. Most of these fills are apparently 
currently inactive, acting as sumps for surface drainage, hence the numerous natural saline 
playas seen across the Wheatbelt today (Clarke 2005).  
Dryland salinity is therefore not a recent phenomenon in southern Australia, hence the biota 
has had considerable time to adapt to (co-evolve) and possibly even exploit these naturally 
saline environments. As salinity is a primary feature across southern Australia, it is essential 
to identify that which is likely to be primary and that which is secondary. The differences 
between naturally saline systems and those that are subject to change through increasing 
and/or fluctuating salinity levels must be understood. However, identifying primary and 
secondary salinity is generally problematic. 
 
  
Figure 2.1 Saltwater Creek, Boorowa. Creeks with high salinity levels are a natural phenomenon in 
southern Australia. As historical records are usually anecdotal, and levels fluctuate temporally and 
spatially, the question remains, are they any saltier than usual? 
 
Williams and Bullock (1989) discuss the causal and morphological classification of saline 
sites and divide salt affected land into primary and secondary salinity, two distinct groups as 
shown in Figure 2.2. However, all primary salinity derivatives, except for ‘coastal marsh’ are 
contained under both irrigation salinity and dryland salinity, (i.e. salt pan, salt seepage, 
seepage scald, dry scald) which prevents identification between the three types. Additionally, 
a dry scald is a paradox, as salt is transported by water. 
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Figure 2.2. Classification of scalds based on causes, site morphology and water status; from Williams 
and Bullock (1989). Note that primary salinity and dryland salinity are considered to be different and 
the primary and secondary salinity subdivisions are the same (except for the primary coastal marsh). 
 
The following points summarise important considerations discussed in regarding 
classification of saline expressions as either primary or secondary. 
a) The terminology and definitions used for primary and secondary salinity make 
identification difficult; 
b) Primary salinity, or natural occurrences of areas in the landscape that are subject to 
elevated salinity levels, is common across the low-medium average annual rainfall 
regions of southern Australia; 
c) Many of these primary situations have been modified (such as swamps, chains of 
ponds and ephemeral drainage lines) for productivity, and are often not recognised as 
such for clarification;  
d) Salinity expressions fluctuate temporally and are spatially heterogeneous; 
e) Salinity information generally relies on relatively recent (subjective) observations; 
f) Primary salinity has never been mapped; 
g) For most situations, the problem is identified as secondary (i.e. economic benefits); 
h) It is likely that for most situations where geology (i.e. hydrogeology or groundwater flow 
systems) plays an important role, the problem will be primary; 
i) Managing something which is natural to the landscape (primary) will inherently require 
a different management regime to a situation which has arisen consequent to 
management activities (secondary);  
j) Primary salinity (natural) occurrences are ecologically important and need to be 
conserved and managed as such. 
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Salinity terminology 
The general terminology for salinity in SE Australia is also varied and confusing, further 
making identification and subsequent management decisions difficult. Table 2.1 summarises 
terminology used for salinity expressions in SE Australia. Beadle (1948) classified dry scalds 
of western NSW and Figure 2.2 illustrates the causal and morphological classification of 
saline sites proposed by Williams and Bullock (1989), Semple and Williams (2002) and 
Fitzpatrick (2008). For the purpose of this thesis, a scald is considered to be a bare, 
unproductive area produced from the removal of the surface soil by wind and/or water 
erosion, with the result being the exposure of the subsoil which is relatively impermeable to 
water in addition to being unfavourable for seed germination and plant growth (Beadle 1948; 
Jones 1966; Houghton and Charman 1986; Abraham1987; Cunningham 1987).  
 
Table 2.1. Summary of terminology used in the literature for salinity identification in SE Australia 
* Primary (natural) and/or secondary (induced) salinity 
* Irrigation salinity 
* Dryland salinity / Seepage salinity (also termed ‘secondary’) 
* Transient salinity (2 types - subsoil and soil surface) 
* Dry saline land (also termed ‘primary’) 
* Magnesia patches 
* Localised salinity (as compared to regional rising groundwater salinity) 
* Seepage scalds and dry scalds 
* Acid sulfate saline soils (acid sulphate soil scalds – ASS) 
* Urban salinity  
* Stream salinity 
* Surface water salinity / Groundwater salinity  
* GAS (Groundwater Associated Salinity) and NAS (Non-groundwater Associated Salinity) with 
numerous subdivisions. 
 
Lastly, to add to the confusion, the terminology for measuring salinity is also highly variable, 
often dependent upon the discipline, and includes mS/cm, dS/m, µS/cm, mS/m, g/L and ppt. 
Although the international standard for soil salinity is dS/m (Tanji 1990), µS/cm is used in 
this thesis due to its common usage in Australia, especially for low to high soil salinity 
measurements, unless stating results from previous work that uses dS/m.  
 
2.3. Causes of dryland salinity in Australia 
Identification and an understanding of the causes of dryland salinity is fundamental for 
assessment, management and policy decisions. In southern Australia, dryland salinity 
usually occurs in low-medium average annual rainfall regions on upland landscapes where 
evapotranspiration exceeds precipitation (Walker 1995; NLWRA 2000), whereas irrigation 
salinity usually results from irrigation practices (agriculture) in lowland landscapes (NLWRA 
2000; DPI 2005).  
However, identifying and clarifying the cause of dryland salinity expressions is confusing, as 
there are two alternative models postulated to explain secondary dryland salinity in Australia; 
the Rising Groundwater Model (RGM) or Groundwater Associated Salinity (GAS). For clarity 
and consistency, the term ‘Rising Groundwater Model will be used throughout this thesis.  
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Alternative models, which are slight variations on each other, are the Transient Salinity, 
Surface Water Models (SWM), or Non-groundwater Associated Salinity (NAS). These will be 
discussed further in the following sections.  The mapping and management activities, and 
most previous research undertaken that investigates relationships between salinity and 
terrestrial biota in southern Australia, is based on the Rising Groundwater Model.  
Most recently, Pannell and Roberts (2010), assessed the performance of the National Action 
Plan for Salinity and Water Quality, $1.4 billion of public funds to 1700 projects during ~2000 
to 2007. They found “serious weaknesses in the program” and most projects generated “few 
worthwhile salinity mitigation benefits and will have little enduring benefit”. They indicated 
that this was “readily foreseeable given the attention to the scientific and economic 
knowledge of salinity available at the time the program was developed”. They basically 
report that the program was a waste of money, although one of the possible reasons they 
suggest is “in large areas of eastern Australia, there has been below-average rainfall for 
several years, so that water tables have fallen, and the apparent threat from salinity has 
abated, at least temporarily”. The possibility of failure due to focusing all funds on 
hypothetical shallow groundwater rather than surface degradation is not mentioned, once. All 
discussion and conclusions are therefore based on the rising groundwater model.  
A summary of both processes, or models, are therefore provided.  
 
2.3.1. Model 1: The Rising Groundwater Model 
The model that has been nationally adopted to explain the cause of secondary dryland 
salinity in Australia, the Rising Groundwater Model is depicted in Figure 2.3. This model 
invokes an excess of water movement in the landscape, induced from extensive vegetation 
clearing post European settlement. This is the model that dominates Australian google 
searches regarding “dryland salinity causes”, indeed, all of the first 4 or 5 pages of the 
50,900 results (7/01/11). It is also the model that Wikipedia refers to as the general cause of; 
i) dryland salinity (http://en.wikipedia.org/wiki/Dryland_salinity),  
ii) soil salinity (http://en.wikipedia.org/wiki/Soil_salinity) and  
iii) Australian salinity (http://en.wikipedia.org/wiki/Salinity_in_Australia),  
and is depicted in all major Australian salinity websites as the general cause of dryland 
salinity, the majority of all previous government reports and scientific journal articles, 
magazines, books, television documentaries etc.  
Essentially, ‘excess’ rain water enters the soil on the ‘cleared’ hills, consequent to historical 
tree removal, through increased infiltration, which filters down to the groundwater through 
percolation processes, termed ‘recharge’. This water then travels to the groundwater at 
lower parts in the landscape and during the journey, mobilises salt that has been lying 
‘dormant’, often as ‘salt bulges’ prior to the land clearing. These bulges exist as it is 
assumed that all, or at least most of, the historical rainfall was evapotranspired by the 
vegetation, so the salt could accumulate at depth. The excess recharge water then brings 
the salt to the surface (sometimes described as being a result of being ‘pushed up’) at 
discharge zones downslope, where it subsequently evaporates, leaving the salt, 
predominantly halite (NaCl) as an evaporite. Salt that has been stored in the soil profile 
above the groundwater table, apparently out of harm’s way, also contributes to the salt 
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mobilization and elevated salinity surface salinity levels. The consequences to the soil and 
biota (both plants and animals) from these unusual toxic rising shallow groundwater systems 
(unusual both as shallow depths and elevated salinity levels), is reported as severe. This 
process relies upon a “bottom up” scenario, that is, all impacts derive at depth but manifest 
at the surface. 
 
 
Figure 2.3. The Rising Groundwater Model (RGM), promoted as the general model used to explain 
the cause of dryland salinity across southern Australia. This simplistic scenario can be seen on most 
government reports and internet websites that explain dryland salinity. Note that all the rain falls on 
the hills and not the lower flats (this assumption is required for the model to work) which infiltrates the 
soil and recharges the groundwater aquifer (this apparently never occurred prior to the tree clearing 
on the hills) which subsequently ‘rises’ regionally (i.e. the aquifer is not confined), mobilizing the 
‘ancient’ salts, inferring that this process has never occurred previously (another essential 
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presumption for the model to work), which then kills the endemic vegetation (due to the unusual 
elevated and toxic salinity levels). (From Australian Geographic, No 85, 2003). 
 
This model, arguably first documented by Wood (1924) in Western Australia (e.g. see 
Reynoldson 1909; Bleazby 1917; Harris 1920 – cited in Tassell 1995), is mentioned in most 
Australian scientific and non-scientific literature from Western Australia (e.g. Peck and 
Williamson 1987; Conacher 1990; Hodgson et al. 2002; McFarlane and George 1992; 
George et al. 1997; Salama et al. 1999; Pannell 2001) and eastern Australia (e.g. Jenkins 
1981; Barnett 1990; Wylie et al. 1993; Barnett et al. 2001; Cook 1989; Allison et al. 1990; 
Crowley 1994b; Baker et al. 2001; Salama et al. 1999; Coram et al. 2001; Clarke et al. 2002; 
Please et al. 2002; Walker et al. 2002; Anderies 2005), to mention just a selection. The 
Rising Groundwater Model is therefore promoted by all the major state and federal 
government scientific agencies and departments, including the Australian Academy of 
Science (AAS 2004, 2006), CSIRO, Land and Water, NDSP, NAPSWQ, MDBC, CRC 
Salinity, NSW DNR, NSW DPI, NSW CMA’s, NSW DECC and state Departments of 
Agriculture.  
Dragovich and Dominis (2008) discuss the importance of rainfall (and drought) on scald 
formation in Central West NSW, and ascribe this to groundwater levels. The following year, 
Professor Ian Acworth at UNSW and hydrologists from the NSW DECC, following separate 
correlations between rainfall and bore water levels and the extent of dryland salinity, claimed 
that dryland salinity is mainly due to change in climate (i.e. rainfall - c.f. Dragovich and 
Dominis 2008) rather than landuse. However, the validity of this conclusion is questionable, 
especially in upland environments, as will be highlighted in the following sections. 
Moreover, Campbell (2008) suggests that dryland salinity problems will recede with ongoing 
climate change, stating “It is likely that a warming, drying climate across southern Australia 
will reduce the symptoms of secondary salinisation and its impacts on dryland agriculture”. 
However, this is arguable as once again, it is based on the assumption that all dryland 
salinity is caused from shallow groundwater systems (rising groundwater model). It also 
disagrees with many other recent government reports suggesting that the salinity problem is 
continuing to get worse. 
Flaws in the rising groundwater model  
The rising groundwater model has been challenged by many researchers and land 
managers, who consider it to be a simplistic view of a complex, and multifaceted process 
that involves many landscape variables (see Table 2.2). This is especially the case on the 
upland areas of SE Australia, as will be explained in the following sections.  
The Channel Nine Sunday Program, ‘Australian Salinity Crisis – what crisis?’ broadcast on 
the 28th May 2006 (Coulthart 2006) interviewed a number of prominent scientists and 
farmers who challenged the rising groundwater model and associated so-called ‘salinity 
crisis’ at the time, pointing out that the rising groundwater model and the salinity issue in 
general, is both highly exaggerated and controversial.  
Many assumptions are identified which are required for the rising groundwater model to 
operate. These are summarised in Table 2.3, with further discussion in Appendix 2.1 and 
Chapter 12. 
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Table 2.2. A summary of the main influences and considerations when researching dryland salinity in 
box/gum woodlands on the Southern Tablelands of NSW. All influences are expanded on in the 
chapter (modified from Bann and Field 2005). 
Influence Considerations 
Is the problem secondary (human 
induced) or primary (natural)? 
Primary salinity is a common natural feature across parts of 
southern Australia, hence, should be acknowledged and 
managed as such.  
Climate and distance from the coast Affects rainfall amount and salt content 
Geology/regolith Includes rock type, faults, joints, cleavage, dip, dykes, 
contacts and lithology changes, permeability, porosity, and 
groundwater flow systems - all of which are heterogeneous. 
Salt source, movement and storage 
locations  
Includes palaeodrainage channels, flow pathways, ephemeral 
drainages; blockage and accession, perched water tables, 
sump (or swampy) areas, infiltration and leaching, 
recharge/discharge?, salinity depth, watertable depth, and 
aquifer depth, all of which are heterogeneous. 
Soils/regolith  Includes chemical, physical, hydrological and biological 
properties. 
Size and scale of the problem, site 
severity and stage/succession  
Site size may be associated with the stage of degradation, 
such as the onset/ recovery/ climax. Both scale and stage are 
likely to be important. 
Significant spatial variation over 
small distances (landscape 
heterogeneity) 
This includes many parameters, both biotic and abiotic, but 
particularly EC (and pH). 
Temporal variability  Includes seasonal/annual/long term changes, such as soil 
moisture, temperature and evaporation. 
Topographic setting  Affects surface and subsurface flows and runoff. 
Salt type and concentration Numerous salts may be present and in various concentrations 
(toxicities). 
 
Anthropogenic disturbances (historical and present) 
Domestic livestock grazing (i.e. 
sheep, horses, cattle, goats) and 
also native animals, such as 
macropods. 
Sheep are the main pastoral activity and when allowed to 
graze intensively, or for long time periods, degradation 
pursues. Native animals may exacerbate the situation once 
the problem occurs. 
Rabbits Rabbits are present, although not in such large numbers as 
historical times, causing cumulative soil and vegetation 
degradation. 
Vegetation clearing and 
modification 
Includes vegetation degradation across the entire landscape, 
of both trees and grasses (groundcover). This also includes 
tree ringbarking. 
Landscape modification Examples include filling of swamps, ephemeral drainages and 
chains of ponds. 
Soil degradation and erosion  This often exposes the dispersible sodic subsoil and 
effectively reduces the depth to the watertable, when 
seasonally present. 
Revegetation plantings This includes hybrid tree species and exotic grass species 
Soil works such as contour banks, 
fallowing, tillage, dams, swales, 
drainage 
Affects surface hydrology, such as runoff during storms and 
infiltration of rainwater. 
Roads and tracks  Can cause compaction of surface layers and impede 
drainage, also usually exposes dispersible A2 horizon. 
Irrigation Irrigation was not a factor at any of the sites investigated. 
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Table 2.3. Assumptions made for the excess water dryland salinity ‘rising groundwater model’. 
(Modified from Bann and Field 2006c). The 3rd assumption is discussed further in Appendix 2.1. 
Assumption Comment / implication 
The one model applies to all situations Infers that the cause is general, that is, all 
landscape processes are the same 
Landscapes were hydrologically ‘balanced’ 
or in ‘equilibrium’ prior to European 
settlement 
There is no evidence for this and the assumption is 
illogical. 
Most landscapes were covered by healthy 
continuous forest or dense woodland 
No evidence for this, it is incorrect, it does not agree 
with early explorers/ settlers accounts 
All landscapes were extensively cleared of 
deep rooted perennial vegetation, especially 
trees on the hills 
This is incorrect, most hills have poor residual, 
skeletal soils, unsuitable for agricultural activities 
and productivity. Many hills contain the original 
remnant vegetation 
Most rainfall was evapotranspired prior to 
European settlement, even during winter 
There is no evidence for this and the assumption is 
illogical 
Geology is simple and uniform and does not 
influence processes 
Geology of the Lachlan Fold Belt is complex. 
Groundwater Flow Systems and more recently 
Hydro Geological Landscapes attempt to address 
this concern in some situations 
Groundwater and surface water readily mix, 
despite having different densities 
Saline groundwater and fresh surface water 
apparently perform acts of inversion and in many 
cases, they appear to be considered the same thing 
Although rainwater is less dense than salty 
groundwater (i.e. it floats), the salty 
groundwater always ends up at the surface, 
on top, and the freshwater is ignored 
The physics required for this assumption is illogical. 
It also requires that the hills receive considerably 
more rainfall than the lower areas, both annually 
and longer term, of which there is no evidence. 
Lower areas are regarded as ‘discharge’ 
zones (for deep groundwater) rather than 
recharge zones, despite the considerable 
amount of surface water ponding in these 
areas. 
Most water accumulates in the lower areas following 
large storm events or significant rainfall events, 
such as extended wet periods. This water either 
flows away as runoff, evaporates or infiltrates the 
soil, all being controlled by gravity. 
There is excess (vertically up) water 
movement in the landscape,  
The physics required for this assumption is illogical. 
Recent droughts & storage effects of dams and 
indeed gravity, are ignored. Any vertically upwards 
moving moisture/salts has to penetrate the semi 
impermeable B horizon. 
Discharge is ‘rising groundwater’ and is 
always considered to be secondary and 
unusual.  
Discharge is likely to be primary, that is, a natural 
situation, at least when considered temporally (or 
seasonally) 
Natural drainage in discharge zones (and 
drainage lines) is not considered 
See point above 
Most recharge (percolation) occurs on the 
hills and is homogeneous (uniform) across 
them 
There is no evidence for this and it is more logical 
that most rainfall flows downslope to lower areas, 
either where it accumulates to infiltrate the soil or 
evaporate, or, flows into a drainage line (or creek) 
Landuse activities such as vegetation 
modification, universally influences 
groundwater. 
There is no evidence that indicates that this is 
general. 
Native trees have the ability to ‘contain’ large 
amounts of salt in the soil root zone. 
There is no evidence for this. 
Salt stores (‘deep bulges’) have been lying These so-called bulges are hypothetical, if they are 
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“dormant” for millennia. present, there is no evidence of dormancy and 
becoming active. 
The excess water has recharged the 
groundwater on the hills, flowed through the 
landscape (or aquifer) then discharged 
elsewhere, all post European modification 
(which is often within <60 years). 
Travel time for the water to travel through the 
regolith and geology beneath and back up through 
the regolith (subsoil and topsoil) is not considered. 
Primary salinity occurrences that may be 
derived from a primary situation are not 
considered. 
All areas with elevated salinity levels are considered 
to be secondary and anthropogenically induced, 
despite salinity being a natural phenomenon. 
Soil surface processes are not involved and 
are therefore ignored, despite NaCl being an 
evaporite.  
Research indicating that surface processes are the 
dominant cause of salinity in upland environments is 
ignored. The claim that salinity is a hydrology 
problem, by hydrologists and hydrogeologists, 
confirms this. 
Elevated soil salinity and water levels are 
new and unusual. Landscapes were 
apparently non saline prior to European 
settlement. 
There is no long term monitoring to confirm this, 
indeed the opposite, that salinity in southern 
Australia is natural and common. 
Shallow watertables are new and unusual 
and considered to have toxic salinity levels, 
which kills the native flora (rather than 
causing mortality from anoxia such as 
drowning of the roots from waterlogging). 
Shallow watertables during wet periods, especially 
during winter, are common. No long term monitoring 
indicates that they are rare and unusual. Evidence 
indicating that they are toxic is also lacking. 
Endemic flora and fauna is not adapted to 
elevated salinity levels (i.e. it is listed as a 
‘Threatening Process’). 
No evidence confirms this and considering saline 
and sodic soils are common and natural across the 
study region, it is illogical. 
The vertical upwards movement of salinity 
through diffusion (salt ‘capillary rise’) is 
greater than the vertical downward 
movement from leaching, despite gravity and 
the semi-impermeable clay rich B horizon. 
There is no evidence to support the idea of salts 
‘rising’ through the B horizon, then A horizons if they 
are present, against the force of gravity and periodic 
downward flow events during storms and wet 
periods. 
That water movement equates to salt 
transport.  
 
Peck (1978) indicates that water/salt movement are 
not directly coupled, reinforced by Blackmore (1984) 
describing salt sieving by clays. Water movement 
can therefore occur without salt being transported. 
 
2.3.2. Model 2:  ‘Transient Salinity’ or the ‘Surface Water Model’ 
A body of research has been published, particularly over the past decade, which indicates 
that much of the salinity problem in SE Australia is associated with, or due to, changes to 
overland flow and soil surface water (interflow). This literature is summarized below.   
A more logical model is therefore required that considers the inherent complex factors and 
processes involved and does not incur so many invalid assumptions and consequent 
problems. Variations of this model have been referred to as the ‘Transient Salinity’ model 
(Rengasamy 2002, 2006; Fitzpatrick et al. 2003), the ‘Surface Water Model’ (SWM; Bann 
and Field 2006c, 2007) and the ‘Non Groundwater Associated Salinity’ (NAS) Model 
(Thomas 2008; Fitzpatrick 2008). This form of salinity was first identified in 1942 by Herriot 
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(termed ‘magnesia’ patches) and has since been described by many researchers from all 
states, including those listed in Table 2.4. 
 
Table 2.4. A summary of researchers from various Australian States that have described the surface 
water salinity models. 
State Researchers 
NSW Monteith (1954), van Dijk (1969, 1978), Broughton (1992), Nicoll (1993); Kreeb et al. 
(1995), Murray (1996), Jones (2000, 2001a,b), Barnett (2000); P. Mitchell (2002), 
Melis and Acworth (2001), Acworth and Jankowski (2001), Bradd (2003), Nicholson 
and Seis (1993), Wagner (1986, 2001, 2005), Bann and Field (2005a,b, 2006a,b, 
2007a,b, 2008a,b, 2010a,b); Hughes et al. (2006, 2008); Crosbie and Hughes 2006; 
Summerell et al. (2006); Andrews (2006; 2008), D. Mitchell (2009) 
Victoria Cope (1958), Downes (1961), Nathan 1999, Dahlhaus et al. (2000; 2008; 2010), 
Fawcett (2004, 2008), Fawcett and Norton (2000), Edwards and Webb (2006) 
South 
Australia 
Fitzpatrick et al. (2003), Thomas et al. (2004, 2009), Cahalan 2005; Thomas (2007), 
Fitzpatrick (2008) 
Western 
Australia 
Millington et al. (1951), Whittington (1976); Conacher (1975, 1982), Conacher et al. 
(1972, 1983a,b), Paulin (2002) 
Queensland Hughes (1983), Biggs and Power (2003) 
Tasmania Meadows (2008) 
Nationally 
or generally 
Bresler (1973), Hamilton (1972), Sumner and Naidu (1998), Rengasamy (2002, 
2006), Tunstall (2001, 2004, 2005), Packer and Lawrie (2004), HRSCSI (2004); 
Senate (2006); Coulthart (2006); Cathcart (2010); Lawton (2010) 
 
It is depicted in Figure 2.4 (from Rengasamy 2002). Transient salinity involves surface and 
sub-surface soil salinisation and is markedly different to  groundwater associated salinity. 
Wagner (2005) describes it as ‘localized salinity’. It usually occurs within duplex soils on 
gently undulating slopes, particularly when there is an impermeable clay-rich, sodic B 
Horizon. These types of soils are common in SE Australia, especially in the lower parts of 
the landscape where salinity usually expresses itself (Naidu et al. 1995, Sumner and Naidu 
1998; Wagner 2001; van Dijk 1969; Gunn and Richardson 1979; Acworth and Jankowski 
2001). Despite Rengasamy (2002, 2006) suggesting that transient salinity has the capacity 
to potentially affect 67% of dryland agriculture in southern Australia and costs the farming 
community approximately A$1.33 billion per year, it is generally excluded as a possible 
salinity model. Indeed, government agencies generally ignore it, which is not a recent 
problem (Whittington 1974; Paulin 2002).  
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Figure 2.4. The Transient Salinity model as depicted by Rengasamy (2002) and Fitzpatrick et al. 
(2003), and used as a basis by Bann and Field (2006a) to describe the Surface Water Model (SWM) 
for salinity and the Non-groundwater Associated Salinity Model (NAS) described by Fitzpatrick (2008). 
The main difference with this model and the Rising Groundwater Model is that rising groundwater is 
unnecessary in the formation of degraded areas such as scalds, as can occur to the left of the dotted 
line. These expressions occur on duplex soils across the landscape from surficial hydrological and 
pedological processes.  
 
Fitzpatrick et al. (2003) refers to transient salinity as ‘dry saline land’ and excludes it from 
being dryland and/or secondary salinity (also termed ‘seepage’ salinity), although the 
terminology (dryland salinity and dry saline land) infers that they are the same. However, 
their ‘transient salinity’ is also not considered to be ‘irrigation salinity’ and may not be primary, 
which adds to the confusion as to its meaning. Transient implies that the salt is quickly 
passing through the system, which in many cases it is not, as the flow pathway is constricted 
(thus ponding and evaporating), and dry saline land implies that water is not involved, which 
it clearly is. Bann and Field (2006a,d, 2010a) therefore suggest that Surface Water Salinity 
(i.e. the Surface Water Model) is a more appropriate term than transient salinity. The 
terminology used by Fitzpatrick (2008) is described below. 
 
Surficial processes and degradation 
A number of researchers describe surficial processes and discuss the effects of overgrazing 
and cropping on soil and vegetation degradation with subsequent increased salinisation 
Hughes (1983), Nicoll and Scown (1993), Nicholson and Seis (2003), Kreeb et al. (1995), 
Murray (1996), Wagner (1986, 1987, 2001, 2005) and Bann and Field (2006a,b, 2010a). 
Meadows (2008), researching soil salinity on King Island, Tasmania, demonstrated that not 
all elevated salinity levels are linked to a high water table, with high surface salinities linked 
to topsoil compaction from livestock which reduces hydraulic conductivity and hence salt 
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flushing from the surface. Charman (1993) notes that stock tend to be attracted to salinity 
and congregate at the site, their trampling leading to further deterioration and extension of 
the bare patches (scalds) followed with an erosion hazard with low or nil productivity. 
Similarly, Murray (1996) noted that 100% of the 50+ salinised areas inspected on the 
Northern Tablelands NSW (NTNSW) were associated with grazing and Cumming and Elliott 
(1993) conclude that the most important measure for reclamation of saline soils is the 
exclusion of stock from the area, with long term management that includes ‘judicious 
stocking’. Wagner (2001) and Bann and Field (2006a,b, 2007, 2010a) concur with this.  
Jones (2000a,b, 2001, 2006), Tunstall (2001, 2004, 2005), Packer and Lawrie (2004), 
Andrews (2006) and Lawton (2010) discuss the important role of soil organic matter, with the 
loss leading to soil structure decline and increased soil salinity problems.  
Melis and Acworth (2001) and Acworth and Jankowski (2001) argued that many of the 
scalds and salinised areas on the Southern Tablelands are caused from predisposing 
salinity and sodicity in the soils, particularly referring to a highly dispersive, sodic unit 
generally at depths of <3m. A high proportion of smectite adds to this dispersion, 
compounding the release of salts attached to the clays, which then contributes markedly to 
the electrical conductivity of the soils and runoff entering streams. Acworth and Jankowski 
(2001) examined the evidence both for and against the rising groundwater model from a 
small upland catchment on the Southern Tablelands and concluded that it does not apply, 
suggesting a more specific mechanism of salt emplacement is necessary to explain the data. 
Nathan (1999) argued against the rising groundwater model in the uplands of southwest 
Victoria based on historical grounds. She used the wider literature from a number of different 
resources, including a contextual appraisal of landscape descriptions written by Europeans 
in first contact with the Aboriginal people, describing their interaction with the environment. 
Land-use history derived from a range of primary documents, and an analysis of historical 
logging records was also included. She indicates that this approach incorporates a degree of 
speculation, however, suggests that it holds greater validity than the resilience on 
speculative tree densities and just one tree clearance event (i.e. during European 
settlement). She also points out that the most significant vegetation changes on the limited 
time scale used for the rising groundwater model occurred during the Closer Settlement 
period (1920-1950), which Wagner (2001) also reports the same period for the Southern 
Tablelands of NSW. Affects from the impacts of targeted tree clearance and accelerated 
pasture decline was magnified by the conversion of large properties into smaller, more 
intensive farms, which increased clearing and soil/vegetation degradation and also 
compounded the effects of rabbit plagues. Moreover, she indicates that there is no 
groundwater monitoring record which gives support to the rising groundwater model for 
south-western Victoria (Heislers 1996). As there is no data from prior European settlement, 
and determining whether the expression is primary (intermittently or permanently present) or 
secondary is often problematic. She infers that similar situations must occur throughout the 
salinised dryland areas of southern Australia. She therefore indicates that generally applying 
the rising groundwater model to other areas without considering corresponding historical 
research must be questioned. This appears to be the case generally, as Keogh (2006) 
indicates that all southern states lack historical piezometer and groundwater data, and 
Wagner (2001) documents situations on the Southern Tablelands of NSW where similar 
circumstances to what Nathan (1999) discusses in Victoria. Fawcett and Norton (2000) and 
Dahlhaus et al. (2000, 2008, 2010) have also supported the conclusions of Nathan (1999), 
25 
that is, refuting that the predominant cause of salinity expressions on the Dundas Tablelands 
is associated with rising groundwater post land clearing following European settlement. 
Andrews (2006, 2008) discusses surface water issues and has successfully been 
addressing such on his property in the Upper Hunter Valley of NSW. The surface water 
model is also presented on the national non-government website for salinity – ‘Saltland 
Genie’. Saltland Genie contains one of the largest dryland salinity information collections in 
Australia and includes a section on surface water salinisation (access Bann and Field 2006a 
at www.saltlandgenie.org.au). 
 
2.3.3. The Groundwater Associated Salinity (GAS) and Non-groundwater Associated 
Salinity (NAS) models. 
The following is a summary of the categorization of saline soils by Fitzpatrick (2008) which is 
shown in Figures 2.5 to 2.7, whereby salinity is separated into “Groundwater Associated 
Salinity” (GAS) and “Non-groundwater Associated Salinity” (NAS), with the ECse 4 dS/m for 
GAS and 2 dS/m for NAS (inferring that NAS can be less severe than GAS but above 
4dS/m EC cannot be used to differentiate them). He then divides GAS into “Primary GAS”, 
“Secondary GAS” (also referred to as “dryland salinity”) and “Seepage GAS”, whilst NAS 
(also termed ‘dry saline land’ and ‘transient salinity’ which is “confined to upper hillslopes”, 
except for “Surface Shallow NAS” which “can occur in a variety of soils types and at all 
positions within undulating landscapes” p320) is divided into ‘solum affected’ or ‘sub-solum 
affected’ or “Deep NAS” (usually >2m depth) with an ECse 20-60 dS/m (as opposed to 
primary and/or secondary salinity). He then subdivides solum affected into “Surface NAS” 
(ECse 4-60 dS/m) and “Subsoil NAS” (ECse 20-60 dS/m). “Surface NAS” and “Subsoil NAS” 
are collectively known as “Shallow NAS”, although in Figure 12.5 p316 “Surface NAS” is 
called “Topsoil NAS” (in addition to “Magnesia patches”). Moreover, after indicating that NAS 
(of any variety) is not associated with groundwater, he suggests that NAS is “associated with 
the presence of perched groundwater systems” (p318). The subdivisions of NAS are 
determined by soil-regolith depth, not depth to the groundwater or watertable (or surface 
water) as NAS is a salinity process driven by seasonal flushing of rainwater (Figure 2.6). 
However, the presence of “Deep NAS” indicates no hydraulic connection between the deep 
(deeper than 2-5m) phreatic water table and the soils that lie directly above, therefore, 
confirming groundwater associated salinity (GAS) with “Shallow NAS” to be perched. 
However, it is stated that not all “Shallow NAS” is associated with the presence of perched 
water-tables. It is noteworthy that only GAS is considered to be primary and/or secondary 
(Figure 12.5 p316), however Figure 12.6, p317 indicates otherwise – “Primary NAS, or 
primary salinity, caused by rising saline groundwater” and “Secondary NAS, or secondary 
salinity, caused by rising saline groundwater and salt accumulation in soils due to 
evaporative water loss in saline seeps”. It is therefore most unclear as to whether NAS can 
be considered primary and/or secondary salinity.  
Additionally, it appears that secondary GAS impacts agricultural productivity but primary 
GAS and NAS does not (despite the apparent elevated ECse 40-60dS/m). It is also 
noteworthy that Fitzpatrick’s classification scheme is designed “To promote clear 
communication and management of types of saline land”. This most confusing classification 
is of paramount importance, as only 16% of Australia’s dryland cropping area has the 
potential to be affected by GAS, where 67% of the area has the potential to be affected by 
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NAS (Rengasamy 2002, 2006). Conversely, Fitzpatrick (2008) supports the NLWRA (2001) 
claim that 5.7 million hectares of Australia’s pastoral and agricultural zone have a high 
potential for developing GAS through shallow groundwater. The correct classification of the 
salinity in question needs addressing prior to any understanding of the process and 
subsequent development of management activities (by scientists, farmers, local community 
groups and salinity extension officers), as GAS requires groundwater management and NAS 
requires surface water management and/or soil amelioration.  
A national conference on salinity held in Albury, February 2009, ‘Salinity Exchange’ divided 
concurrent sessions into ‘Wet salinity’ and ‘Dry salinity’ which appeared to correspond to 
GAS and NAS. However, describing salinity as dry salinity is illogical, as salt is an evaporite 
and requires water to transport it. In other words, salinisation cannot be associated without 
water, thus all salinity is at some stage ‘wet’. 
 
 
Figure 2.5 Categories of saline land according to Fitzpatrick (2008). (IAS is not discussed in this 
thesis due to its absence on the Southern Tablelands of NSW). 
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Figure 2.6. Categories of saline land as defined by hydrology, soil water status and soil chemistry, 
after Williams and Bullock 1989, Fig 2.2 (from Fitzpatrick et al. 2003 and Fitzpatrick 2008). GAS = 
Groundwater Associated Salinity; NAS = Non-groundwater Associated Salinity. Note also how GAS is 
split into primary and secondary (NAS is not) and only secondary GAS is considered to be dryland 
salinity. 
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Figure 2.7. Updated schematic cross-section (see Rengasamy 2002 Figure 2.4) showing various 
categories of saline land as defined by hydrology (NAS, transient salinity, surface water salinity) (from 
Fitzpatrick 2008). Note also that it appears that secondary GAS impacts agricultural productivity but 
primary GAS and NAS does not (despite the apparent ECse 40-60dS/m). 
 
It is also apparent from Figure 2.6 that the distinction between primary GAS and secondary 
GAS subdivisions are that all secondary divisions are either drained or eroded primary 
situations. This infers that all secondary salinisation occurs at primary situations – which will 
therefore have major implications for management (i.e. managing something which is 
natural), in addition to classification. 
Finally, Fitzpatrick (2008) also suggests that both primary and secondary salinity (i.e. GAS) 
affect plant growth by causing dehydration and toxic conditions, although NAS is not 
mentioned with respect to biota, except that “Deep NAS” is out of reach of tree (and 
presumably grass) roots. Therefore, “Deep NAS” is reported to be irrelevant as far as 
surface biota is concerned, which also complies with the irrelevance to agricultural 
productivity. 
It is clear from this review that Australian saline land and soils classification is anything but 
clear. This is indeed substantiated in Fitzpatrick’s (2008 p 307) own article “Unfortunately, 
pedologists often use quite difficult and convoluted terminology in soil classification 
(taxonomy) and soil mapping, which are often hard to understand or will have little apparent 
relevance in NRM investigations”. 
 
2.4. Dryland salinity and geology 
Several workers have found that the development of dryland salinity in Australia and 
overseas is associated with the presence of geological structures, such as lineaments, 
dykes, bedrock highs, faults, jointing, fracture and shear zones. Such associations have 
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been found in Canada (Gascoyne et al. 1993; Gascoyne 2004; Bottomley et al. 1994, 1999; 
McNutt et al. 1990), the USA (Maclay and Small 1983; Land and Prezbindowski 1981) and 
Israel (Avisar et al. 2004). Ventriss et al. (1982), Engel et al. (1987), Lewis (1991), 
McFarlane and George (1992), Salama et al. (1993) and Clarke et al. (2002) have carried 
out studies in Western Australia and Knight et al. (1989), Tassell (1995), Jankowski and 
Acworth (1993, 1997, 1998) and Morgan et al. (2006) from studies in NSW. James et al. 
(2006) looked at bedrock structures and groundwater flow systems in the Bet Bet Catchment 
of Victoria. Most authors discuss saline groundwater seepages developing due to 
groundwater (and sometimes surface water) migrating through higher hydraulic conductivity 
zones in the lithology and regolith, which is ‘forced’ to the surface at discharge zones.  
Faults and fracture zones provide both vertical and horizontal pathways, or conduits, for the 
migration of groundwater from different areas and where mixing occurs which may influence 
the overall groundwater chemistry of aquifers within structurally complex catchments. 
Morgan et al. (2006) found that the most saline groundwaters in a catchment in the Dubbo 
area (Central Western Slopes NSW) were encountered where two geological structures join 
and form a fault intersection, however, the salinities of the groundwaters were highly variable 
both vertically and laterally. They also found that the Ordovician in age lithology had the 
highest hydraulic conductivities, being the most metamorphosed with associated joints, 
faults and folding. Moreover, they found high permeability zones along faulted contacts of 
different rock formations. The association between geological features and groundwater flow 
provides a mechanism for seepage zones and hence salinity expressions to be localised. 
Expressions that are geologically controlled are likely to be primary in nature, either as 
permanent features or intermittently when wetter conditions occur. 
In addition to providing preferred water flow pathways with higher permeabilities and 
hydraulic conductivities, geology can restrict water flow pathways, such as that which may 
occur at dykes, lithological boundaries and bedrock highs, and in conjunction with 
geomorphological processes, determines topography which influences the paths of overland 
flow and drainage lines.  
Lithology also directly influences dryland salinity development by; a) controlling the type of 
soils formed; b) the amount and type of salt produced from the weathering of different types 
of minerals and; c) directly affects vegetation through its influence on the type and depth of 
soil and the distribution of clay and moisture (van Dijk 1969; Gunn and Richardson 1979; 
Hughes 1983; Tassell 1995; Wagner 2001), which are essential for plant growth. Lastly, the 
geology may be directly associated with salinisation as the more permeable and erosive 
lithology forms the drainage lines and lower slopes where moisture levels are high and 
salinity expressions occur. Since geological influences are many and complex, it is difficult to 
isolate those that may directly influence the process of dryland salinity in a given situation 
(Tassell 1995). In this research, the lithology is restricted to the Ordovician and Silurian 
metasediments and volcanics of the LFB. 
 
2.5. Groundwater Flow Systems 
Coram et al. (1998, 2000), Lawrie et al. (2003, 2004) and Walker et al. (2003) developed the 
Groundwater Flow Systems with the purpose to provide a tool to better manage dryland 
salinity across Australia by integrating subsurface lithology and geological structures. Land is 
segregated into discrete areas based on geological, geomorphological, groundwater flow (i.e. 
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recharge, transmission and discharge) and salinity characteristics that presumably influence 
the occurrences of dryland salinity. Sites are categorized by their catchment size into ‘local’, 
‘intermediate’ and ‘regional’ scale. These flow systems have formed the basis for much 
hydrogeological research which has subsequently been recommended for use in natural 
resource management decisions (Walker et al. 2003; Wilford et al. 2006; Hall et al. 2008), 
although, the benefits are questionable and success stories based on the methodology and 
principles are lacking. Moreover, James et al. (2006) point out, despite the Groundwater 
Flow Systems approach being nationally-adopted for salinity management (Coram 1998), 
most hydrogeological models describing bedrock controls on salinity (Coram et al. 2000; 
Walker et al. 2003) are based on conceptual models, as most structural information is not 
shown spatially on existing Groundwater Flow Systems maps. Conversely, Meadows (2008) 
argues that Groundwater Flow Systems have little relevance for salinity expressions on King 
Island, Tasmania, and argues against their applicability for management decisions in 
Tasmania in addition to other upland sites in the other states. 
Nicholson (2003) describes the Groundwater Flow Systems operating within the central 
western slopes (and Southern Tablelands) region of NSW. He discusses seven different 
systems, each having a categorised groundwater flow system which presumably causes the 
salinity outbreak. The Groundwater Flow Systems that are considered to be operating on the 
Southern Tablelands of NSW are summarised from Nicholson (2003) in Table 2.5 
 
Table 2.5 Groundwater Flow Systems in NSW, summarised from Nicholson (2003). 
 Groundwater 
Flow Systems 
Scale System type System 
permeability 
Groundwater 
salinity 
Salinity outbreaks and 
expressions 
A Unconsolidated 
riverine plain 
sediments 
Regional 
to Local 
Sands, gravels, 
silts, clays  
Very low  - high Fresh to 
hypersaline – 
mostly brackish 
Depressions and wetlands 
B Unconsolidated 
upland valley 
sediments 
Local Sands, gravels, 
silts, clays 
Very low - 
moderate 
Fresh to 
hypersaline – 
mostly brackish 
Depressions, breaks of 
slope, valley floors, soil 
texture changes 
C Fractured intrusive 
rocks 
Local Igneous intrusive 
rocks, colluvium 
Low – moderate 
(occasionally 
high) 
Fresh to saline Break of slope. Lithological 
contacts, and structures 
(joints) 
D Fractured volcanic 
rocks 
Local Volcanic rocks 
(basalt, dacite, 
rhyolite) 
Moderate to high Fresh to 
moderate 
Contacts, joints, between 
flows, depressions 
E Layered 
sedimentary 
(marine) rocks 
Local 
 
Sandstone, 
siltstone, shale, 
Low to moderate Marginal to 
hypersaline 
Break of slope, lithological 
contacts, structures, 
bedding 
F In layered 
sedimentary rocks 
Local to 
intermed 
Sandstone, 
siltstone 
Generally high – 
low in siltstones 
Fresh to 
moderate 
Break of slope, lithological 
contacts 
G Fractured rocks Mostly 
Local 
Meta-sediments 
and volcanics 
Generally low Moderate to 
saline 
Break of slope, valley floor, 
geological contacts, 
structures 
 
Sites for this research were generally constrained to the fractured rock local flow (G) and 
fractured volcanic rocks (D) systems. Systems A, C, E and F were avoided to reduce 
confounding and variability between sites. It can also be assumed that Intermediate GFS are 
uncommon on the Southern Tablelands of NSW and Regional GFS are absent. 
Recently, the Groundwater Flow Systems have been updated in an attempt to accommodate 
concerns identified in the rising groundwater model, or to include surficial processes, with 
the ‘Hydrogeological Landscape Units’ being developed to include more use of regolith (soil) 
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and landform characteristics, although vegetation is ignored (Wilford et al. 2008). Most 
recently, these have been updated further in an attempt to include even more biophysical 
factors, this time including vegetation assemblages as well as soils, and termed Hydro 
Geological Landscapes (HGL’s) (Jenkins et al. 2010; Moore et al. 2010), although it is 
unclear how the vegetation is used in the conceptualization and subsequent management 
decisions. It is clear however, that research into salinity processes in SE Australia is both 
dynamic and controversial. 
 
2.6. Saline and Sodic soils 
Many researchers have discussed the problems with defining saline (or salt-affected) and 
sodic soil classification in Australia (e.g. Szabolcs 1969, 1989; Northcote and Skene 1972; 
Tanji 1990; Sumner and Naidu 1998; and Rengasamy and Sumner 1998; Fitzpatrick et al. 
2000; Rengasamy et al. 2003; Fitzpatrick 2008), however, for this research, saline soils are 
considered to be those that have relatively large amounts of soluble salts, which is expected 
to be predominantly NaCl, as objectively indicated by soil (and soil water) electrical 
conductivity tests (EC(1:5)) and electromagnetic induction (EM) surveys (measures bulk soil 
apparent electrical conductivity; ECa). Sodic soils are those that contain relatively large 
amounts of adsorbed sodium Na+. However, in addition to sodium chloride, many other salts 
are present in the soils of SE Australia as shown in Table 2.6 and many of these salts can 
be toxic to plants at elevated levels. 
Table 2.6 Some of the salts present within the soil and the risk to plants (from DPI 2005; Szabolcs 
1989; and Rengasamy et al. 2003) 
Salt Chemical Risk to plants 
Sodium Chloride NaCl High 
Magnesium Chloride MgCl2 High 
Calcium chloride CaCl2 High 
Sodium sulphate Na2SO4 High 
Magnesium sulphate (epsom salts) MgSO4  High 
Calcium sulphate (gypsum) CaSO4 High 
Sodium bicarbonate NaHCO3 High 
Magnesium bicarbonate Mg(HCO3)2 Medium 
Calcium bicarbonate Ca(HCO3)2 Low 
Sodium carbonate Na2CO3 High 
Magnesium carbonate MgCO3 Low 
Calcium carbonate - lime CaCO3 Low 
Boron B High 
Aluminum Al High 
Potassium K Low-Medium? 
 
Australia has the highest proportion of saline and sodic soils of any other continent, with an 
estimated 390,000km2 of saline soils and 2,000,000km2 of sodic soils (Szabolcs 1989; 
Sumner and Naidu 1998). Sodic and saline soils are predominant along the low lying areas 
of the Southern Tablelands (Wagner 1986, 2001; van Dijk 1969, Gunn 1985; Gunn and 
Richardson 1979) and Hughes (1983) and Thorburn et al. (2002) also indicate that many of 
the subsoils in central and southern Queensland contain highly sodic clays that have a low 
permeability to water and restrict the rooting depth and water extraction by vegetation. 
Saline soils are those considered to contain enough salts in the soil (usually ECse >4dS/m, or 
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4000µS/cm) to adversely affect biota (usually referring to plants) and sodic soils are those 
which contain appreciable amounts of sodium (usually given as 15% ESP for overseas 
countries and 6% ESP in Australia), although this does vary (Northcote and Skene 1974; 
Szabolcs 1989). The common percentages in relation to soil type and these two properties 
are given in Table 2.7. Classification of soils as saline, sodic or both, generally depends on 
physical properties such as ECe (the electrical conductivity of a saturated extract of the soil), 
the exchangeable sodium percentage (ESP), which is related to soil acidity (Rengasamy et 
al. 1984; Sumner and Naidu 1998) and the sodium absorption ratio (SAR). Sodic soils are 
generally alkaline and generally have a lower EC relative to saline ones (Szabolcs 1989; 
Rengasamy and Churchman 1999). In contrast, saline soils have a wide range of pH values 
ranging from acidic to alkaline, although they are characterised by higher EC. 
 
Table 2.7. Relation of soil type to salinity and sodicity (from DPI 2005, Szabolcs 1989) 
pH ECe (dS/m) ESP (overseas/Australia) Soil type 
8.5 or less  ≥ 4  < 15%  /  < 6% saline 
8.5 or less ≥ 4  ≥ 15%  /  ≥ 6% Sodic-saline 
8.5-10 < 4 ≥ 15%  /  ≥ 6% sodic 
 
2.7. Thesis questions and hypotheses 
The review on the causes and processes of dryland salinity and saline soils provides the 
background to enable posing the first two thesis questions; 1) What are the dominant 
mechanisms for the formation of apparent dryland salinity expressions on the uplands of SE 
NSW? and; 2) Are these mechanisms predominantly ‘top down’, associated with degradation, 
or ‘bottom up’ associated with rising saline groundwater?  If ‘top down’, elevated salinity 
levels should be consequent to, or a symptom of, soil and vegetation degradation, which 
creates bare patches, often with increased evaporation rates. Evaporite deposition, hence 
elevated salinity levels, is the outcome. Elevated salinity levels should therefore also be 
associated with other symptoms of the degradation. If ‘bottom-up’, then the surface EC 
levels should be associated with elevated EC levels at depth. 
Review of literature addressing these questions lead to alternative research hypotheses; 1) 
Abiotic and biotic attributes at sites affected by dryland salinity at grassy woodland upland 
sites of SE NSW are associated with surficial, top down degradation processes  and the 
alternate hypothesis, 2) Expressions of dryland salinity in upland landscapes are universally 
caused by rising saline groundwater tables. 
 
2.8. Dryland salinity and biodiversity 
Due to apparent rising saline groundwater, dryland salinity is listed as a “threatening process” 
to biodiversity (EA 2001). A number of reports therefore express urgency to investigate its 
effects on terrestrial ecological communities, ecosystems, and ecosystem processes, 
particularly threatened and near threatened species and communities (e.g. EA 2001; 
NLWRA 2002; ANZECC 2002; SRDCC 2002; Jolly et al. 2002; NPAJ 2002; Briggs and Taws 
2003; Zeppel et al. 2003: NPWS 2004; Seddon et al. 2007; ACF 2009). This is despite there 
being no evidence for the rising groundwater model to be applicable on the Southern 
Tablelands of NSW and indeed, in many upland landscapes across southern Australia.  
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Aquatic biota 
It is widely reported and accepted that elevated salinity levels can adversely impact both 
(endemic) terrestrial and aquatic biodiversity. However, a search of the literature reveals that 
responses of aquatic and semi-aquatic biodiversity to elevated salinity levels have been 
investigated more extensively and intensively than terrestrial biodiversity, both internationally 
and nationally. As it is likely that similar physiological or behavioral responses and impacts of 
biota to elevated salinity levels are operating within terrestrial ecosystems as they are within 
the aquatic ecosystems, particularly the semi aquatic species, a summary of the effects of 
salinity on aquatic and semi aquatic biodiversity is provided in Table 2.8. 
 
Table 2.8. Summary of research investigating the effects of elevated salinity levels on aquatic fauna in 
southern Australia. 
Feature Reference 
Salinity is a primary feature, hence endemic 
biota is adapted and diverse 
De Dekker 1983; Close 1990; Williams 1999; 
Pyper 2000; Davis 2001; McEvoy & Goonan 2003 
Adaptations include morphological, 
physiological, behavioural and life-history 
characteristics that provide tolerance, 
resilience, acclimatization and avoidance 
Horne 1966; Oglesby 1969; Knowles & Williams 
1973; Broch 1988; Pechenik et al. 2000; Thorp 
and Covich 2001; James et al. 2003; Neilson et al. 
2003; Pinder et al. 2005 
Different impacts on different life-stages Kefford et al. 2004, 2006 
Different effects on different gender Venkatesan 1981 
Salinity levels are not the most important 
factor - other predominant factors include 
competition, predation, and parasitism 
Scudder 1983; Melack 1988; Wood & Talling 
1998; Hammer & Heseltine 1988; Colburn 1988; 
Herbst 1988; Galat et al. 1988; Williams et al. 
1990; Lieske & O’Brien 1997; Williams 1998, 
2001; McEvoy and Goonan 2003 
Resilience and landscape position of the 
ecosystem determines severity of impacts 
Hart et al. 2003 
Saline areas behave as significant natural 
habitats – to be conserved 
Williams 1999; McEvoy and Goonan 2003 
Salinity affects abundance and distribution 
of different spp. but not overall abundance 
Silberbush et al. 2005;  
Species diversity increases when a range of 
salinities are present 
Silberbush et al. 2005. 
Avoidance of food containing high salinity 
levels when soil-water salinity increases  
Witteveen 1988 
Low levels of salinity, rather than none 
increases resilience of freshwater worms 
Thorp and Covich 2001 
Different species show different tolerances Horne 1966; Broch 1988 
Large spatial variation of salinity levels, 
hence small scale investigations required 
Dunlop et al. 2007 
‘Dilution stress’, or salinity levels below the 
preferred levels may also be harmful  
Berezina 2003 
 
 
In summary, it is clear that elevated salinity levels may potentially adversely affect aquatic 
biota by exhibiting an additional stress upon morphological, physiological and life-history 
characteristics, which consequently, may impact or reduce species richness and 
composition. In many cases however, especially in southern Australia, aquatic biota is 
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reported to exhibit adaptations to combat the increased and/or variable (fluctuating) salinity 
levels and hence, salinity toxicity is not such a concern. Additionally, even where salinity 
levels are high, other factors are often more impacting on the biota. It is therefore likely that 
the terrestrial biota may exhibit similar adaptations. Therefore, in the case of aquatic biota at 
least, as high salinity levels are a primary feature across southern Australia, they should be 
managed and conserved as such, rather than attempting to reduce them. In such situations, 
‘dilution stress’ may occur, of which there is little knowledge or understanding. 
 
Climate change and biota 
More recent reports also suggest that climate change may increase the impacts of dryland 
salinity on both aquatic and terrestrial biota (e.g. Howden et al. 2003; Hilbert et al. 2007; 
Campbell 2008; Steffen et al. 2009). Steffen et al. (2009) highlighted the fact that research 
priorities for biodiversity should be explicitly directed towards the interaction between climate 
change and each of a number of other key drivers of ecosystem change, including salinity, 
grazing and clearing. These reports also reiterate the urgency for research that focuses on 
the potential interactions and impacts from climate change on terrestrial biodiversity in 
landscapes already associated with dryland salinity. This however, cannot presently be 
achieved as our understanding of the mechanisms and interactions between increased soil 
salinity per se and endemic terrestrial biota is minimal. The NSW Commissioner for Natural 
Resources, and ex-chief of CSIRO Land and Water, Professor John Williams, has also 
recently stated that to address dryland salinity in eastern Australia, biodiversity conservation 
outcomes should be the focus for overall management (Williams 2010). 
2.8.1. Terrestrial biodiversity 
There is a very limited understanding of the impacts and risks of elevated soil salinity levels 
on terrestrial species per se, and their interactions and food-web structures, or the effects on 
the integrity of biological communities and complex ecosystem processes (SRDCC 2002; 
James et al. 2003; Cramer and Hobbs 2002; Briggs and Taws 2003). Briggs and Taws 
(2003) indicate that obtaining funding for research into the effects of dryland salinity on 
terrestrial biodiversity in Eastern Australia has been difficult to obtain and as a result, 
understanding and management continues to be constrained by a lack of reliable and 
quantitative data. In addition, they point out that any impacts of salinity on terrestrial 
biodiversity have generally been ignored. 
However, identifying threatened species and ecological communities at risk from dryland 
salinity has relatively recently been highlighted as an urgent issue for terrestrial biodiversity 
conservation across southern Australia (Keighery et al. 2000; Gilfedder et al. 2001; ANZECC 
2001; SRDCC 2002; Zeppel et al. 2003; Briggs and Taws 2003; Beresford et al. 2004; EA 
2006; Seddon et al. 2007). The SRDCC (2002) list a number of key questions regarding 
quantifying the impacts of salinity on terrestrial biodiversity at both site and landscape scales. 
SRDCC (2002) also suggest that reductions in ecosystem function and biodiversity due to 
salinity in NSW will further degrade landscapes and amenity of rural areas, including 
internationally significant wetlands, heritage areas, and threatened species and their 
communities. These effects of salinity are reported to induce losses of soil biodiversity, 
reduced soil condition (health) and structure, with an overall degradation of terrestrial 
ecosystems.  
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Cramer and Hobbs (2005) discuss the role of integrating process and applicable scale, both 
spatial and temporal, for ecological investigations at sites affected by apparent dryland 
salinity. They suggest that problems determining ecological risk from salinity exist as few 
systems have been intensively studied. As a consequence, little knowledge has been 
provided as to whether the patterns observed are general between systems. Thresholds are 
unknown, particularly as they are multifactorial and act synergistically. They point out that 
investigations are generally conducted over short time periods where much of the focus of 
research has been directed towards understanding the outcome of the process, such as 
changes in vegetation composition, rather than the process itself. They also discuss the 
importance of historical factors when determining decisions, as cumulative landscape 
degradation has led to both altered hydrology and elevated soil salinity levels, in addition to 
impacting plant reproduction and propagule dispersal, increasing the likelihood of invasion 
by exotic species and altering other important abiotic processes such as nutrient cycling. 
Any consideration of thresholds must therefore be multifactorial (and complex). 
Hamblin (1998) suggested that salinity has the potential to affect ecosystem functions, such 
as soil invertebrate numbers and nutrient cycling and the survival and reproduction of non-
adapted native flora, however, she did not provide any details as to which species are 
impacted nor any supportive evidence. 
Western Australian Research 
The impacts of salinity on terrestrial biodiversity have been most intensively investigated in 
the southwest of Western Australia (W.A.). These studies, which are summarised below, all 
suggest that increasing dryland salinity adversely impacts terrestrial biodiversity. However, 
all conclusions are based on the assumption that these adverse impacts are universally 
caused from unusual rising saline groundwater tables, or the rising groundwater model (e.g. 
George et. al. 1995; Keighery et. al. 2000, 2001; Cramer and Hobbs 2002, 2005; McKenzie 
et. al. 2003; Cramer et. al. 2004a,b; Carey 2003; Hodgson et al. 2004; Doupe et al. 2006). 
George et al. (1995) estimated that in the W.A. wheatbelt, 80% of all remnant vegetation on 
private land and perhaps as much as 50% of all remnant vegetation on public land will be 
lost to salinity (read rising saline groundwater) over the next century. 
A survey carried out in the W.A. wheatbelt by Keighery et al. (2000) identified 450 plant 
species and 400 invertebrates as being potentially impacted by increased salinisation (read 
rising saline groundwater), in addition to a 50% decrease in the numbers of waterbird 
species using wetlands in saline affected areas. Keighery et al. (2001) estimated the figures 
to be between 300 and 800 species of native plants face extinction and more than 200 fauna 
species show significantly declining numbers in salinized remnants. All adverse impacts are 
blamed on unusually shallow groundwater levels, with unusually toxic elevated salinity levels 
per se. 
McKenzie et al. (2003) found a negative relationship between the richness of small ground-
dwelling animals and increasing salinity in W.A. Only lycosid (wolf) spiders showed a 
positive relationship with the conditions, although a few vertebrates were also centred on the 
salinised areas. They found that a different assemblage of species occupied both the 
scalded areas and the surrounding woodland environment, whilst a greater diversity of 
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species occupied the unaffected woodlands. The woodlands that were reported to be 
affected by salinity supported a subset of the species of the unaffected counterparts. 
Research also carried out in the W.A. wheatbelt by Cramer and Hobbs (2002) suggest that 
finer scale variability in surface topography and soil characteristics may play an important 
role in limiting the impacts of elevated salinity levels on terrestrial biota. They also suggest 
that shallow saline water tables may cause an edge effect, which moves inwards from the 
edge of native vegetation remnants. In addition, they point out that saline surface flows 
exacerbate the effects of shallow saline water tables and consequently hasten vegetation 
decline in remnant areas. They suggest that, in degraded landscapes suffering from 
elevated salinity levels, the level of threat to a remnant can be determined by the level of 
environmental heterogeneity where the threat is greater when the environment is more 
uniform, the size of the remnant (bigger is better), the location, or elevation, in the landscape 
(higher is better) and the rate of (hydrological) change. They also suggest that remnants that 
are impacted by other compounding factors, such as stock grazing, weed invasion and 
fragmentation, are likely to have incurred some breakdown in ecological processes that 
subsequently reduces the resilience of the system, being more vulnerable to further stresses, 
including elevated salinity levels. 
Cramer et al. (2004a,b) found that small differences in elevation (<0.5m) in two remnant 
eucalypt woodlands in the W.A. Wheatbelt, were important in moderating the impacts of 
salinity in areas with a shallow watertable. They suggest that a loss of species diversity, 
species richness and structural complexity in low-lying elevations indicates that the 
ecological risk from secondary salinity to species associated only with drainage lines, 
seasonally wet flats and other low-lying areas is severe. This concurs with the findings of 
Callaway et al. (1990) and Pennings and Callaway (1992) that suggest that small elevation 
differences have important consequences for vegetation health and recruitment in natural 
(primary) saline systems. However, Cramer et al. (2004a) point out that the extreme abiotic 
conditions that exist within and adjacent to salinised areas are as important as shallow 
watertables. They also evoke that although trees are most likely to be affected first by rising 
watertables (i.e. presumably deeper roots), the understorey and groundcover which are 
initially less affected due to shallower roots contain the majority of the biodiversity. 
Furthermore, they suggest that as watertable levels are often dynamic (i.e. as a function of 
rainfall), species that are more tolerant of elevated salinity levels, either physiologically or 
because of life history strategies, such as annuals, may be able to survive in areas with a 
fluctuating (i.e. seasonal), shallow saline water table. 
Hodgson et al. (2004) used groundwater modeling based on presumed hydrological 
equilibrium to identify 37,368 ha of remnant vegetation in southwestern W.A. at risk of being 
impacted by salinity (read rising groundwater). They suggest that large areas of revegetation, 
indeed up to 75-100% of the landscape in many situations, is required to control the 
excessive recharge, with increased discharge from the rising groundwater being the single 
cause of the salinity problems. They also claim that large areas of southern Australia has the 
high potential for the development of dryland salinity and that their approach is applicable to 
manage similar situations where dryland salinity is present or developing in landscapes in 
other regions of Australia and overseas. 
Doupe et al. (2006) found that in a catchment in southwestern W.A., riparian plant species 
diversity was inversely related to soil salinity, and plant species composition was significantly 
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altered by elevated salinity levels. However, there was little evidence for any effect of 
salinisation on functional group diversity, or on ecological functioning, as measured by the 
percentage of above-ground plant cover. No significant relationships were identified between 
soil salinity and the total percentage cover of vegetation. They also claimed that other 
environmental variables such as waterlogging, grazing or fire are not responsible for the 
differences in plant species diversity and composition. 
Lastly, Carver (2010) found that native mammals are resistant to the effects of compounding 
environmental change, of which he included dryland salinity, and that abundance of 
introduced mammals were unrelated to salinity, except for sheep, due to a lack of pasture. 
He reported that individual and assemblages of mammals exhibited associations with other 
environmental factors. However, all conclusions were based on the idea that all degradation 
associated with elevated salinity levels is “caused by rising groundwater tables and 
mobilization of regolith salt”. 
SE Australia Research 
The most recent research investigating the effects of dryland salinity on terrestrial 
biodiversity in SE NSW consists of Taws (2003), Briggs and Taws (2003), Thompson and 
Briggs (2005), Zeppel et al. (2003) and Seddon et al. (2007). Reviews of these are provided. 
Taws (2003) carried out research on the south-west slopes and Southern Tablelands of 
NSW, where she investigated effects of apparent dryland salinity on grassy woodland 
remnants, concentrating on vegetation and habitat factors. She concluded that dryland 
salinity is largely affecting vegetation communities by 1) favouring exotic species, both the 
number of and ground cover percent; 2) severely impacting tree health – commonly causing 
death; 3) reducing the number and cover of native trees and grasses; 4) reducing tree 
regeneration; 5) increasing bare ground; 6) reduces litter cover; 7) reduces cryptogram cover; 
and 8) reduces canopy cover by impacting trees. She claims that elevated salinity levels 
(due to shallow saline groundwater) are the cause of all these effects, including inferring that 
the endemic flora is salt-intolerant. Table 2.9 summarises her findings. She indicated that 
vegetation types most at threat are those of the lower slopes, flats and drainage lines and 
although mentions that these are the area’s most impacted by past and present 
management activities such as clearing, stock grazing and cropping, excludes these 
compounding factors in the interpretations. Although her intention was to collect quantitative 
data, the presumptions made in the field methodologies and result interpretations are invalid. 
 
Table 2.9 Summary of the conclusions derived by Taws (2003) regarding the effects of dryland salinity 
on woodland remnants on the south-west slopes and Southern Tablelands of NSW (salinised = 
elevated salinity levels). 
Effect of dryland salinity (elevated soil 
ECe) 
Implication 
Increases number of weed species Almost 50% more at salinised plots 
Increases the cover of weeds Almost 3 times more at salinised plots 
Reduces number of native groundcover spp. Almost 3 times more at non-salinised plots 
Reduces cover of native groundcover spp. 3 times the cover at non-salinised plots 
Reduces canopy cover (trees) Twice as much at non-salinised plots 
Reduces understory cover Twice as much at non-salinised plots 
Reduces health of native plants (dieback) More than twice as many affected trees at salinised 
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plots 
Kills native trees More than four times as many dead (or close to 
death) trees at salinised plots 
Reduces tree regeneration An average of almost twice as many regenerating 
stems at non-salinised plots 
Increases bare ground More than 4 times as much at salinised plots 
Reduces amount and cover of litter  Almost twice as much at non-salinised plots 
Reduces amount and cover of cryptograms Recorded at 1 salinised plot; 10 non-salinised plots 
 
Briggs and Taws (2003) suggest that the effects of dryland salinity on native vegetation has 
been known for 70 years, although provide no references for this. They used the results from 
Taws (2003) and concluded that dryland salinity is killing native woodland vegetation, 
inferring that endemic flora is intolerant of elevated salinity levels, whilst favouring exotic 
species (weeds), thereby adversely impacting the already depleted biodiversity and 
ecosystem function. They claim that this produces a ‘feed-back’ effect, previously discussed 
by Wylie et al. (1993a) and ANZECC (2002), whereby the shallow saline (i.e. toxic) 
groundwater kills trees, hence reduces their numbers, which allows groundwater-tables to 
keep rising, developing further salinisation thereby killing more vegetation, including trees, 
with further increases in watertables rising and so on (although watertable depth limitations 
are not mentioned). However, this process relies entirely on the presumption that trees are 
dying from these hypothetical rising saline watertables, a theory that is unproven and 
challenged on the uplands of SE NSW. Similarly to Taws (2003), no evidence is provided for 
these rising groundwater tables and they acknowledge that piezometers have not been 
constructed in woodland remnants. In fact, piezometer levels (groundwater levels) in the 
Murrumbidgee River Catchment have been falling for a number of years, likely a 
consequence of the recent drought conditions (Brad Parker pers. comm. 2005). They also 
claim that the effects of dryland salinity on terrestrial biodiversity go unnoticed by most 
people, including conservationists and salinity officers.  
Thompson and Briggs (2005) followed a similar experimental design to Taws (2003), looking 
at the effects of dryland salinity on remnant woodlands on the south western slopes and 
Riverina of NSW (200km radius of Wagga Wagga), to the west of Taws (2003) study area, 
stating in the first sentence of the report that “Dryland salinity occurs when water tables rise”. 
All disturbance and soil and vegetation degradation is based on this assumption, despite 
many other identified important synergistic factors operating on the system, including 
“unfavourable growing conditions” due to an ongoing drought and very hard, compacted 
soils.  
Fifty four of sixty sites investigated were grazed and the other six were located along 
roadsides, hence all were disturbed systems. The use of the flawed assumption suggesting 
all effects are consequent to salinity levels and the same methodologies used by Taws 
(2003) provided similar results, in that elevated soil salinity levels are unusual and bad, 
being the cause to all adverse effects to biota. Indeed, the effects are apparently not 
restricted to flora, but the fauna suffers also, including killing cattle when they drink the highly 
toxic saline dam water. Strangely, the “prolonged drought”, insect attack and ringbarking are 
acknowledged as a likely factor exacerbating dieback (mortality) to the trees in the non-
saline areas but not in the saline. Wallaby grasses and couch were common at sites 
designated as saline and exotic species were predominant at both saline and non-saline 
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areas. The mean number of native species was only slightly higher at the non-saline sites 
compared to the saline sites, which differed from the Canberra results (Taws 2003). The 
average numbers of native species in the non-saline plots were considerably lower in the 
Wagga Wagga region with only 4 species as compared to 23 in the Canberra region and 
similarly, percent cover of natives at non-saline plots was 13% and 43% in the Wagga 
Wagga and Canberra studies respectively. This is suggested to be a consequence 
“regardless of salinity”, in addition to presumed increased grazing regimes and cropping in 
the Wagga Wagga region as compared to the Canberra region. Additionally, although exotic 
ground cover was higher at the saline sites than the non-saline sites in the Canberra region, 
this was not the case in the Wagga Wagga region. Similarly to Taws (2003), some exotic 
groundcover species are considered to be salt tolerant but the endemic species are not. It is 
apparent that the ‘saline sites’ could be more appropriately referred to as the ‘more 
degraded sites’ (than the ‘non-saline sites’), which therefore includes the elevated salinity 
levels as a symptom of the increased degradation. Finally, they use invalid criteria and 
incorrect assumptions to classify an area as ‘saline affected’, then scorn famers for not 
deriving their same flawed conclusions – by being unable to recognize the early effects, or 
impacts, of their so-called apparent dryland salinity. 
Zeppel et al. (2003) also report that dryland salinity has the potential to adversely impact 
many threatened fauna and flora species. Conclusions are based from GIS overlays with 
salinity (species presence and land at risk according to predictions made using the rising 
groundwater model) and threatened species, with the overlaps considered to be priority 
areas. They also discuss how the sites are expanding at a dramatic rate, plants are doomed 
as they cannot escape, most animals are mobile enough to escape, except the large land 
snail (Meridolum corneovirens), a threatened species in western Sydney (Cumberland 
Plains), where they suggest that it will be outpaced by the rapidly transgressing (expanding) 
salinity “front”. This may be the case if the salinised sites were quite expanse and indeed 
expanding at the dramatic rate suggested by some government reports (e.g. MDBCMC 1999: 
NLWRA 2001; NAPSWQ 2004), however, in reality, is most unlikely. Many problems are 
identified with these conclusions. No field work or ground-truthing was undertaken and there 
is a lack of resolution below 1km2, which is actually a larger area than most salinity 
expressions within or adjacent to vegetation remnants on the Southern Tablelands of NSW 
and indeed, most upland sites in S.E. Australia. No evidence is provided as to whether the 
species in question is actually using the proposed habitat or the overlapped area of the so-
called salinity outbreak, nor considers the strongly disjunctive or localised distributions of 
many species (Odum 1993; Main 1996). No evidence is provided indicating that the 
apparent elevated salinity levels are directly impacting the species. Additionally, other 
important factors impacting the local biota are not considered, such as land clearing and 
fragmentation, the effects of overgrazing and subsequent soil degradation and exotic 
species, especially foxes, cats and historical accounts of rabbits, all of which are prolific at 
SE Australian sites associated with anthropogenic disturbance. Many of the salinity sites that 
were used in their analysis are likely to be more substantially impacted by these other 
factors, especially stock grazing and habitat fragmentation with subsequent soil structure 
decline, land degradation and the incursion of exotic species. Indeed, the salinity overlay 
map may just have been rightly identified as “land degradation associated with intensive 
stock grazing” or “land heavily impacted by drought” or “bare areas with exposed A2 or B 
horizons”, consequent to historical unsustainable management practices, whatever they may 
be. In addition, the threatened species data is biased towards “popularized” species that 
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have been more extensively studied, with all invertebrates excluded from the analysis. 
Although this research also indicates the need for further research into this area, most of the 
conclusions are also questionable. 
Seddon et al. (2007) intended to provide a quantitative assessment of the extent of dryland 
salinity in remnant native woody vegetation of the Boorowa Shire (Southern Tablelands of 
NSW). Using dryland salinity outbreak mapping derived from air photo interpretation with 
filed verification, overlaid with woody vegetation mapping, they identified more than 6200 
patches of salt outbreak in woody vegetation in the Boorowa Shire alone, 383 (6%) of which 
were 1ha or larger in area (that is, 94% are <1ha). They reported that almost 2000ha of 
native woody vegetation was (adversely) affected by dryland salinity, representing ~3% of 
the extant woody vegetation in the Shire. They also reported that 14% of riparian 
communities and nearly 6% of Yellow Box Red Gum Grassy Woodlands exhibit symptoms of 
dryland salinity. Identification was based on the severity of ‘dieback’, that is, all dieback is 
due to salinity. An interesting technique used in the research was to identify four categories 
of dryland salinity based on the amount of salt-tolerant vegetation across the site (and in 
category 4, the amount of plants tolerant of seasonal waterlogged conditions); 1) an early 
phase (68% of saline areas mapped) - note that this contradicts Wagner (2001) who 
indicated relative stability from the 94 sites that he studied; 2) low to moderate severity (19% 
of saline areas mapped); 3) severe to extreme severity (12% of the saline areas mapped), 
and; 4) Non-saline wet sites <1% of the saline areas, hence can therefore be considered 
irrelevant.  Similarly to the other reviewed research carried out in S.E. Australia, many 
problems and invalid presumptions are identified with the methodologies and interpretations, 
which are summarised in Table 2.10 (and discussed further in Chapter 12). 
Similarly to Zeppel et al. (2003), Gilfedder et al. (2000), in Bastick and Walker (2000), used 
land system maps indicating medium to high risk of salinity in Tasmania, to overlay with 
vegetation and fauna, identifying 43 flora species and 17 fauna species, including 
invertebrates, at threat (of decline) from increasing salinity levels. However, as with Zeppel 
et al. (2003), similar problems with the research are identified. Gilfedder et al. (2001) 
proposed that a potential risk to Tasmanian biodiversity (flora, fauna and ecological 
communities) is greater in low lying areas (wetlands, grasslands and woodlands) with low 
rainfall (<750mm/annum) and with sedimentary substrates, as these areas are already 
suffering the impacts from other natural and anthropogenic factors. However, no objective 
data is provided for these conclusions.  
 
2.8.2. Implications and problems identified 
The conclusions from the majority of these studies are invariably based on assumptions 
such as high alpha biodiversity levels are good and low levels are bad, however, disturbed 
hostile environments are known to have lower alpha biodiversity levels (Brewer 1988; Begon 
et al. 1996), hence, this approach may not be applicable in these degraded environments. It 
is considered that the assumptions identified in Table 2.10 are invalid. 
However, as research from uplands challenges the basis of the rising groundwater model, 
rather identifying surface processes as the cause of the elevated salinity levels, the 
presumed adverse impacts on biota from hypothetical shallow toxic groundwater, and so 
called ‘feedback’, is nonsense. This issue therefore requires clarification as evidence from 
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aquatic animals supports adaptiveness and tolerance of biota and localized, variable salinity 
levels associated with many other symptoms of disturbance and degradation.  
 
 
Table 2.10. A summary of some of the problems identified with previous research investigating salinity 
and biota in SE Australia (Taws 2003; Briggs and Taws 2003; Zeppel et al. 2003; Thompson and 
Briggs 2005; Seddon et al. 2007) 
Assumptions and problems Implications 
All identified salinity is considered to be 
secondary, primary is not considered, yet 
primary salinity is a feature of SE Australia. 
The assumption infers that landscapes were non-
saline prior to European settlement, which is 
incorrect. 
Identification of saline sites is often subjective, 
such as the use of exposed A2 horizons or the 
presence of dead or dying trees  
Consequently, many sites do not have elevated 
salinity levels. 
All degradation (soil and vegetation) with 
associated (nearby) salinity is blamed on the 
salinity. 
The ‘pointing method’ is adopted, linking dead 
trees with bare patches and blaming salinity  (i.e. 
cause-effect is inferred despite no evidence). 
All dying (dieback) and dead trees are due to 
salinity (cause-effect inferred). 
The direct link between dieback and salinity is 
unfounded (the ‘pointing method’ is used). The 
dead trees have usually been ringbarked. 
All weed presence is due to salinity. The direct link between more weeds and elevated 
salinity is unfounded. Habitats that suffer frequent 
disturbance commonly select for weeds (e.g. 
Grime 1979, Brewer 1988, Hobbs and Huenneke 
1992), an important consideration for the highly 
disturbed and degraded sites on the STNSW, 
especially those adjacent to roads and drainage 
lines, where weeds thrive. 
All weeds are bad in degraded saline 
landscapes. 
Weeds are likely better than nothing as they will 
help reduce evaporation and evaporite deposition 
and can also improve soil structure. 
The number of regenerating trees at each site 
is assumed to be equated to salinity levels. 
There are a plethora of reasons and factors 
associated with regeneration success or failure. 
The number and mass of fallen logs is related 
to salinity, that is, the number that fall and the 
amount that are left following firewood 
collection activities and/or ‘tidying up’. 
There are a plethora of reasons and factors 
associated with fallen log number and mass, 
including human firewood collection activities. This 
assumption is particularly strange. 
Endemic species are considered to be 
intolerant of elevated salinity levels whilst the 
exotic species are considered to be more 
tolerant. 
This ignores the influence of the Australian 
palaeoclimate and predominance of saline/sodic 
soils 
The assumption that, dryland salinity is a 
‘threatening process’. 
It is considered to be a process, based on rising 
groundwater, rather than being a symptom of soil 
and vegetation degradation. 
Spatial (scale) and temporal factors are rarely 
considered. 
Salinity levels are treated as if they are 
homogenous across a site with insufficient soil 
sampling performed at each site. Spatially 
heterogeneous and fluctuating soil EC levels are 
therefore not considered.  
Other major soil physical (such as soil depth, 
compaction, structure), biological (soil micro 
and macro biota, SOM) and chemical (pH, 
cations, anions) factors are rarely considered. 
Salinity is treated as the predominant factor that 
controls the health and presence of most biota. 
Strangely, other (more) important factors are 
generally ignored, considered unimportant. 
Salinity processes are assumed to be based 
entirely on an excess of overly saline 
landscape water (rising groundwater model), 
despite no evidence for this. 
There is no evidence for widespread excess 
landscape water, or water which is overly saline 
(and toxic). 
A hypothetical “feedback” mechanism, based The link with elevated salinity levels, especially soil 
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on the RGM, is referred to in all research, 
where salinity levels are always the cause, not 
anoxia – or waterlogging by non-saline water. 
water and tree death (and dieback) is conjectural, 
with no objective evidence that native trees are 
being impacted by salinity levels per se. 
Surface water factors and models (i.e. SWM/ 
Transient Salinity/ NAS) are ignored. 
Despite considerable evidence indicating that 
these are the predominant factors on uplands 
(Rengasamy 2006 - 67% of occurrences have 
nothing to do with groundwater). 
Saline sites are considered to be expanding, 
causing mortality to the surrounding vegetation, 
despite no evidence for this. 
Wagner (2001) showed no/or little expansion from 
1980 – 2000. Discussions with relevant experts 
confirm this. 
The validity of the assumption that when using 
‘paired sites’ (saline/non-saline) to investigate 
comparisons that they are indeed comparable. 
It is likely that in spatially & temporally 
heterogeneous landscapes (with variable 
cumulative landuse practices) the sites are unlikely 
to be truly ‘paired’. 
Higher biodiversity levels are better than lower 
levels (> spp. no.) – between 2 compared 
‘similar’ sites. 
Higher biodiversity numbers are not necessarily 
better in these grassy woodlands and site 
similarities are problematic. 
Elevated salinity levels are considered to be 
new, abnormal and toxic. 
The recognition that landscapes were saline prior 
to European settlement (primary salinity) is 
generally ignored. 
 
2.8.2. Dryland salinity, degradation and biota. 
Semple et al. (1994, 1996) recorded abiotic and biotic characteristics of 47 sites affected by 
quantified dryland salinity in central western NSW. Most sites were located on disturbed and 
degraded pasturelands, although woodland trees comprising E. albens (White box), E. 
melliodora and E. blakelyi were present on, or adjacent to, a number of sites. All sites had 
soils which were highly saline and strongly sodic, however, EC levels were highly variable 
across each site. Importantly, an attempt to yield correlations between soil chemistry 
(namely EC) and surface features, including plant species and species richness, was 
unsuccessful. They determined that altered NaCl levels were just one of the numerous 
changes, or symptoms, that occurred at degraded (saline) sites. They recommended that 
due to temporal variability, caution was required with exchangeable cation data due to the 
difficulty of analysing soluble ion data from saline soils. 
Semple and Koen (1998) noted that seepage scalds commonly support little vegetation and 
suggest that the major cause is a lack of germination and/or establishment due to all or a 
combination of: structureless, smooth bare soil surfaces with poor aeration, infiltration and 
leaching of salts; a lack of sites for seed germination (microtopography considerations); 
exposure to extreme temperatures and surface water flows; waterlogging providing a 
favourable environment for pathogens; overgrazing caused by a lack of alternative forage 
and the tendency for stock to congregate at saline areas; in addition to elevated salinity 
levels and the consequences to seeds and plant survival. The outcome is increased 
degradation and a loss of ecosystem function. 
Barnett (2000) found that ecosystems affected by dryland salinity in the Yass region on the 
Southern Tablelands of NSW are functional at low salinities, although, elevated salinity 
levels are generally associated with degradation and altered ecosystem function, mainly due 
to decreased nutrient status and cycling. He suggests that salinity is a primary feature in SE 
Australia (e.g. Crowley 1994) hence the biota of some ecosystems has developed 
adaptations to exploit habitats with elevated salinity levels. He therefore rejected the null 
hypothesis that “saline ecosystems in the Yass Valley are totally dysfunctional”. He found 
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that plant species composition and vegetation cover were poor predictors of elevated salinity 
levels, especially when levels are high. Species richness was found to be weakly correlated 
with EC levels, although it generally declined with elevated salinity levels, but exceptions did 
occur. Stronger correlations were attained with a second set of sampling soil surface EC 
levels, which were reduced following rainfall (and increased moisture) indicating that other 
factors are likely to be as, or more important, than salinity per se. A strong relationship 
between EC and vegetation cover was absent, with a number of the highest EC readings 
with 40% to >90% cover. At 2 dS/m (EC(1:5)) cover ranged from 0-97%, although most high 
EC levels (maximum 12 dS/m) were associated with little or no cover (note also that these 
EC readings have not been transformed to ECe, which involves multiplying by approximately 
ten). Vegetation characteristics recommended for site classification in Victoria by Fogerty et 
al. (1993) were also found to be poor predictors of salinity at his sites. He also identified 
extreme spatial and temporal variability of salinity levels at each site (e.g. 12 dS/m to 2 dS/m 
at the surface measured 9 days apart) and between sites, particularly the saline sites, noting 
that salinity is associated with dynamic degradation processes and rainfall events. He 
therefore notes that the frequency and duration of different levels of salinity must influence 
biota. He consequently suggested that any assessment of site condition focusing on salinity 
(EC levels) requires intensive sampling in both time and space, otherwise results may be 
misleading. Abiotic and biotic indicators suggest that EC per se is not the predominant factor 
influencing conditions. Past landuse practices and minor physical characteristics also play 
major roles. He recommends that the monitoring and management of saline sites based on 
ecosystem processes is an efficient method of dealing with the problem. 
Wagner’s (2001) research follows 50 years of work at numerous sites on the Southern 
Tablelands of NSW with the NSW Soil Commission. His ideas somewhat evolved from his 
original report (Wagner 1957), where he addressed the rising groundwater scenario as the 
crux of the problem for plants, although he does identify the association with elevated salinity 
levels and soil degradation consequent to “injudicious grazing regimes”. He also defined 
plants as being “salt tolerant” and “salt escaping”. The salt escaping types were beneficial 
following wet periods as the rain diluted the salt and reduced it to manageable 
concentrations, allowing the quick growing plants to germinate and grow. A summary of his 
2001 thesis which focused on the affects to plants, is provided; 
1) Plant ‘indicator species’ used to identify dryland salinity also indicate sodic or low fertility 
soils, and other degraded conditions such as erosion and deposition, plus mesic areas 
such as swamps and springs, and are therefore unreliable 
2) Dryland salinity ranks significantly lower than most other forms of land degradation within 
the STNSW and indeed, the rest of NSW. 
3) The rising groundwater model in most cases is invalid, the problem is of a localized 
nature, restricted in its spread and responsive to on site mitigation measures. 
4) Figures claimed for salinity extent in SE NSW are up to 200x exaggerated and the 
expansion rates are nonsense (with no evidence for progressive spread). 
5) During wet years, bare scalded areas often become covered with grass, which are often 
native species. Soil conditions affecting infiltration and leaching also improved. 
6) Management requires degradation and erosion prevention, rather than a salinity focus. 
7) Saline sites are usually limited by landscape attributes and (healthy) vegetation. 
8) Healthy vegetation often grows immediately downslope from roadways built across 
drainage lines where salinity is apparent upslope of the roadway. 
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9) Salt tolerant species presence often indicates regeneration on degraded sites, not 
increasing salinity that is presumed to be getting worse. 
10) Excluding stock from sites often leads to regeneration (where other soil attributes are not 
restrictive). 
11) Couch grass (Cynodon dactylon) was present on 101 of 109 properties investigated, 
including the most saline sites. 
12) Subsequent poor grazing (and groundcover) management following vegetation clearing, 
more so than the original clearing itself, appeared to be the principle factor in 
predisposing many areas to salinity. 
13)  The belief that large areas of revegetation (particularly on the hills) are required for 
management is a fallacy. 
14) Restoration of groundcover, using mainly endemic species, is the most important factor 
for remediation and mitigation activities. 
15) The hypothesis that much of the Southern Tablelands of NSW had ‘prior dominance of 
native forests’, especially the Yass Valley plains, is unsubstantiated. 
16) Improved grazing regimes (or complete stock exclusion) to increase groundcover and 
maximize leaf area index (LAI) on degraded sites can be effective for site reclamation 
within a few years although this is dependent upon the effects of the degradation and 
site characteristics. 
17) Maximum soil moisture recharge which often induces waterlogging and perched water 
tables, occurs in the winter months (May – August) when little or no plant growth occurs 
for trees and groundcover. Evaporation rates are also minimal. Dry hot conditions in 
summer are often associated with little recharge, where most rainfall is removed through 
overland runoff and lateral interflow across the impermeable B horizons. Deep rooted 
cool season native pasture species are therefore the most suitable and should be 
retained where present. 
18) There has been little change in river salinity levels and the area of land affected since 
1957 (i.e. the claims that salinity is progressively spreading is a fallacy).  Models that use 
the rising groundwater model as the basis to predict spread are therefore irrelevant. 
19)  Saline areas wax and wane from season to season (i.e. temporally variable) 
20) Prior surface denudation is often the precursor to elevated salinity levels 
 
Investigating areas with apparent dryland salinity on the Northern Tablelands of NSW, Kreeb 
et al. (1995) found that scalds are ecologically complex with vegetation patterns 
predominantly reflecting the distribution of soil alkalinity, with levels up to pH 10.6, caused by 
a dominance of sodium carbonate minerals. Bare scald areas were characterised by 
alkalinity and EC levels were highest at the scald surfaces from evaporative processes, 
generally decreasing markedly with depth. They suggested that it is this surficial salinity that 
is most likely to have any impact on vegetation. They also reported the common occurrence 
of couch grass (Cynodon dactylon) growing naturally on the highly degraded and salinised 
areas, documenting its tolerance of the unfavourable toxic conditions. 
Also investigating dryland salinity on the Northern Tablelands of NSW, Murray (1996) noted 
that 100% of the 50 sites investigated were associated with stock grazing, where stock were 
often observed congregating and licking the salty surface and 78% were relatively small in 
size, being less than 50m2. She too discusses surface soil and hydrology issues, including 
excessively high soil pH values to pH 10.3, which persist down the profile, as being the 
predominant issues impacting biota. Salinity levels were highest at the surface being up to 
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6.35 dS/m with only 2 readings being greater than 2 dS/m at >10cm depth and surface EC 
salinity levels did not correlate with EC levels deeper in the profile (this was shown using 
piezometer data and surface soil EC, in addition to EM surveys). Additionally, relatively high 
EC levels were often found beneath intact vegetated, non-scalded surfaces. She noted that 
Jessup (1969) found similar occurrences, with pH values above 10 within the B horizon in 
the duplex soils of the Northern Tablelands of NSW, indicating that the identification of this 
problem is not new. The pH values showed a marked difference across the scald/non-scald 
boundaries, differing up to 4 pH units in 15-50cm. Cations and anions, including NaCl, 
exhibited huge heterogeneity between scalds. Vegetation patterns correlated with the pH 
levels. Cynodon dactylon was present at 96% of the scalds, being both salinity and alkalinity 
tolerant, and notes abrupt boundaries between scalds and adjacent unaffected pasture 
areas.  
She also discusses the predominance of lateral water movement on impervious B horizons 
in the duplex soils, refuting the rising groundwater model as the predominant model. She 
mentions swamps described by Gardner (1854) that lined drainages of the Northern 
Tablelands of NSW prior to European settlement which were drained by the early settlers, 
initiating the development of scalds. Similarly to Wagner’s work on the Southern Tablelands 
of NSW, she refutes the association between tree clearing and salinity inducement, with 
many scalds formed where clearing was not associated and the generalized management 
practice of planting trees to address recharge and groundwater levels. Rather, to encourage 
the growth of grasses (groundcover) and reduce the soil surface evaporation, a combination 
of soil amelioration using ripping with calcium and/or magnesium (gypsum or epsomite) 
incorporation (to replace sodium, and reduce ESP and SAR), organic matter and reverse 
interceptor drains (also see Negus 1983a,b; Doering and Sandoval 1976; and Sommerfeldt 
and Paziuk 1975) to manage surface water and interflow, are recommended. Lastly, she 
notes that weedy species are good colonizers of the scalded areas, of which benefits include 
improved soil friability (structure and moisture infiltration and retention) and increased 
opportunity for subsequent native species, and should therefore be considered beneficial 
rather than bad. 
Andrews (2006, p89), using a case study from his Tarwyn Park property in the Upper Hunter 
River Catchment of NSW, discusses the association with a surface water flow pathway that 
travels from his place, into his neighbours, then back again. On the journey it increases in 
salinity concentration during its flow through the neighbours property, then decreases again 
after travelling through his (less degraded) property. He links this salinity increase to a 
decrease in biodiversity on his neighbours property. Moreover, he suggests that the 
increased salinity levels are a consequence of the degradation, decreased vegetation and 
biodiversity, rather than vice versa. This therefore suggests that the salinity is a symptom, 
not the cause. 
Lymbery et al. (2003) identified a similar situation to Andrews (2006), where they found that 
stream salinity decreased sharply as water flowed from cleared land through 7km of forest in 
southwestern W.A., also inferring that less disturbed areas with increased endemic 
biodiversity levels mitigates salinity levels. 
Furthermore, Dowling et al. (1986) also showed that salinity (and Cl content) increased from 
forest to grassland to non-vegetated areas in central Queensland, indicating that the most 
vegetated (and less disturbed) areas contained the lowest salinity levels. This could also be 
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interpreted as areas where evaporation rates are high, increased evaporite deposition 
occurs, hence salinity levels. 
Lieschke and O’Brien (1997) identified a number of factors other than dryland salinity that 
affect macro-invertebrates presence and abundance in the Lodden region of Victoria. These 
included the temporal variability (presence) of many species, such as dependence on 
specific/climatic conditions (e.g. above average rainfall); the importance of grazing by stock, 
kangaroos and rabbits; effects from vehicular access; ongoing succession (such as wattle 
regeneration and senescence); and importantly, other undetermined variables introduced by 
human activities, such as revegetation, “tidying up” and pruning (such as for fences and 
powerlines and/or fire prevention), introduction of weeds by vehicle tyres, etc. They also 
suggest that salt indicator species taken from recognized lists such as Matters and Bozon 
(1989) and Fogarty et al. (1993) may need to be updated or modified, as many salt indicator 
species are not included and some common agricultural weeds are included, and in the 
absence of other indicator species, do not indicate, nor suggest, that an area is affected by 
salinity. 
Bui and Henderson (2003) found that in the northern Queensland Brigalow Belt, statistical 
analyses suggested that an association exists between salinity levels and brigalow plant 
communities, implying that vegetation was an important indicator of salinity and that it also 
explained variation not accounted for by the typical environmental variables. They also found 
that soil pH was a major controlling factor influencing vegetation occurrence.  
Using independent lines of evidence including phytogeography, plant and insect systematics 
and insect behavioural ecology, Bui (2009) suggests that soil salinity plays an important role 
in arid Australian macro-evolutionary processes such as biogeography and ecology. She 
describes three Queensland Acacia species that exhibit high salinity tolerance, with 
congruence between plant-insect (thrips) phylogenies and co-speciation being evident, 
which she suggests may have been driven by environmental factors including aridity and 
salinity. She concludes that other genera should be investigated from similar environments, 
including the Southern Tablelands of NSW (Elisabeth Bui pers comm. 2010).  
Humphrey et al. (2008) showed that the epigeal invertebrate diversity of Formicidae and 
Arenae, both vagile taxa, are high at four salinised sites along the lower Murray River region. 
They also found that the salinity is highly variable both spatially and temporally, indicating 
that although levels can be extreme (i.e. ECe 53 dS/m), the areas exhibiting low salinity 
levels can provide refuge for (mobile) animals. Moreover, they found that two sites with 
similar ECe levels contain largely different invertebrate diversity and abundance, thus 
suggesting that other factors other than salinity per se must be influencing the biota. 
Coutts-Smith and Downey (2006) point out that the impacts of salinity on terrestrial 
biodiversity have not been determined, particularly in NSW. They identified salinity to be a 
threat to only 0.4% of threatened species (four species) in NSW. They therefore propose 
that the impact of salinity on terrestrial biodiversity is either poorly understood or it is not as 
significant a problem to biodiversity as has been claimed by reports such as Taws (2003) 
and Briggs and Taws (2003). They found that the impact of salinity to terrestrial biodiversity 
is not expected to be high, especially when compared with other more dominant factors 
associated with degraded sites, such as exotic species incursion, habitat fragmentation and 
factors associated with soil degradation. Similar conclusions have also been found for fauna 
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from inland salt lakes, where other more important factors than salinity influence biota 
presence and persistence (e.g. Timms 1983; Wood and Talling 1988; Galat et al. 1988; 
Williams 1984, 1998; Williams et al. 1990; McEvoy and Goonan 2003). 
Invertebrates that reside in the soil are considered to be strategic taxa for soil salinity 
investigations. Ants are conspicuous and dominant and functionally important in soil and 
vegetation processes. In addition, to reclaim a degraded scalded area, the three essential 
elements that need consideration are soil, vegetation and soil biota, which includes 
invertebrates. Greenslade (1987) carried out surveys of ants on degraded scalded areas to 
the north west of the study region (Nyngan NSW). A total of 80 different species were 
recorded from the degraded areas and surrounding grassy woodlands, with 22 species 
inhabiting the scalds and up to nine species found on the one scald, suggesting a “pool” of 
species capable of colonizing and reclaiming scalds. Two thirds of the species found on the 
open habitats were opportunistic colonisors, characteristic of disturbed environments, with 
specialist species found on the more stable degraded areas. Despite the scalded areas 
being very unfavourable habitat, with poor drainage, little food, high soil surface 
temperatures and exposure, and extreme aridity during the hotter months, he states that the 
ants are important components for scald reclamation for both primary and secondary dryland 
salinity. He also discusses the importance of two groups of ants during the early stages of 
reclamation, the ‘seed harvesters’ and ‘elaiosome collectors’ (ants that feed on the 
elaiosomes, or ant-attractive food bodies that are present on the seeds of many Australian 
plant species). The elaiosome collectors may be beneficial by accelerating the process of 
plant dispersal and establishment. 
In an article on the Frogs of Eastern Australia, the DEH (2004) report that “most frogs are 
salt intolerant”, although no evidence or references are given. Roberts (2003) published an 
article in the ACT Herpetological Association newsletter on the spotted burrowing frog, 
Heleioporus albopunctatus, which may show a decline associated with increasing salinity 
levels associated with the impacts of farming in southwestern W.A. However, the results are 
inconclusive as the frogs are still widespread and are known to inhabit salinity interceptor 
banks (Whittington 1974; see WISALTS in Paulin 2002). He does suggest however, that the 
water is too salty for eggs and tadpoles, allowing little or no recruitment. This may simply be 
due to seasonal or climatic fluctuations or one of, or a combination of, many other synergistic 
factors that are operating within the system. Interestingly, Litoria cyclorhynchus, another W.A. 
species, are very salt tolerant; 35% sea water for tadpoles and sea water salinities for the 
adults (Dale Roberts pers comm. 2009).  
The majority of previous research treats salinity as the single predominant factor, or stress, 
operating on the system, however, as pointed out, there are many other factors and issues 
to consider that can have an influence on the ecosystems response to the landscape 
disturbance and/or stress (see Tables 2.2, 2.8). These include the distribution of roots 
relative to the salt, the type of salt and natural variations, climate (particularly the temporal 
water balance), changes to soil structure, pH and nutrient availability, osmotic and toxicity 
affects (Table 2.11), competition, predation, allelopathy, dispersal and herbivory, in addition 
to symptoms from past and present land management activities. The depth of the elevated 
salinity levels will also likely affect different plants, their life stages and root systems, in 
addition to different soil fauna and their life stages, bearing in mind that the salinity is 
spatially and temporally variable, which also requires consideration. Moreover, indirect 
effects of elevated salinity levels may also be associated with other adverse impacts on plant 
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and ecosystem function (Table 2.11). Predictions of the compositional response of woodland 
communities to increasing salinity are therefore not liable to be explicit at individual sites, as 
discussed by Dirnbock et al. (2002), Cramer and Hobbs (2002), McKenzie et al. (2003) and 
Bann and Field (2008, 2010b). 
 
Table 2.11. A summary of the possible effects of elevated soil salinity levels on vegetation. Different 
factors can adversely affect biochemical, molecular and physiological processes at different life 
stages of the plant, such as germination, growth, reproduction and senescence. Factors vary spatially 
(vertically and laterally) and temporally. In many cases, elevated soil salinity is unlikely to be the major 
factor responsible for the effect, but may be associated with it. That is, in all cases, elevated salinity 
levels are associated with other adverse symptoms, although association does not equate to cause. 
Type Effect (or association with) 
Direct Osmotic effects (influences water and nutrient uptake)  
Toxicity effects (Na, Cl & changes to other cations & anions, e.g. Ca, Al, Br, NO3, SO4)  
Indirect 
 
Soil structure degradation and an increase in density 
Reduced soil infiltration (porosity and permeability) 
Reduced soil organic matter content 
Reduced soil aeration 
Reduced microbial activity and soil ecology  
Changes to soil pH and Eh (pH changes can also be direct - toxic) 
Increased dispersibility 
Susceptibility to waterlogging and erosion 
Susceptibility to above and below the surface diseases and pathogens 
Susceptibility to insect and herbivore attack (i.e. dieback from compounding possibly 
associated with elevated N levels) 
 
Lastly, it is imperative to recognize the primary nature of saline soils across southern 
Australia and the ecosystems that these support. Hatton (1999) points out sustainable saline 
ecosystems exist in a variety of forms due to complex and dynamic interactions between 
evaporation, transpiration, rainfall, flooding, groundwater and throughflow (interflow). Table 
2.12 summarises these factors. Natural ecosystems that are associated with elevated 
salinity levels are indeed dependent on these conditions and include such vegetation 
communities as samphire, saltbush shrublands, sedgelands, and eucalyptus woodlands and 
forests. Dahlhaus et al. (2008) also highlight this concern in Victoria, indicating that many of 
these natural saline ecosystems are threatened with degradation and need to be prioritized 
for conservation activities and managed for their natural elevated salinity levels, rather than 
trying to reduce them. 
 
Table 2.12. A summary of the factors controlling the productivity, abundance and distribution of plants 
and animals. 
Factor Examples 
Climatic factors solar radiation, temperature extremes and fluctuations, humidity, precipitation, 
wind exposure (climate change) 
Edaphic factors elevation, relief and topography, soil physical properties, moisture and water 
relationships, soil chemistry and nutrient status 
Biotic factors predation and competition, the effects of grazing by native animals 
Geological and 
evolutionary 
factors 
lithology and geological structures, hydrogeology, global tectonics and 
continental drift, long term climatic change 
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Internal biological 
factors 
species strategies and competitive mechanisms, successional processes, 
health, age, condition, dispersal, genetically-based variations in tolerance or 
productivity 
Other human 
factors 
clearing, fragmentation, domestic stock grazing; remediation and revegetation 
activities, exotic species incursions, fire, culling, roads and tracks 
 
In the case of sites on the Southern Tablelands of NSW, all of the factors in Table 2.12 play 
important roles in ecosystem processes. It is therefore apparent that salinity must be 
considered as an additional contributing or compounding (synergistic) factor within one of 
many in a multi-factorial system.  
 
2.8.3. Salinity and plants 
As edaphic factors play a prominent role in structuring plant communities in saline 
environments, vegetation has been used in Queensland and globally to aid in mapping 
saline soils (Bui and Henderson 2003; Toth et al. 1995; Pan et al. 1998). 
Although many different types of salts occur naturally in the Australian landscape and many 
are essential for plant growth, sodium chloride is the focus of the majority of salinity research. 
This can be justified, owing to its abundance in southern Australian soils, its solubility, and its 
direct and indirect (adverse) effects on plants (Kuhn et al. 2001). Direct effects of elevated 
salinity levels include altered osmotic gradients and a multitude of toxicities which can 
impact biochemical, molecular and physiological processes, different parts of the plant such 
as roots and leaves, in addition to different life-stages of the plant, such as germination, 
growth, reproduction and senescence (Lauchli and Epstein 1990; Rengasamy et al. 2003). 
Indirect effects include degraded soil structure and other toxicities. All of these factors are 
heterogeneous spatially (vertically and laterally) and temporally. Impacts include reduced 
seed germination (Bell 1999), the inhibition of nitrogen fixing ability of symbiotic organisms 
(Barrett-Lennard 2002); reduced growth rates (Marcar et. al. 1995) and root development 
(Martel 1998); increased susceptibility to insect and herbivore attack (Curry 1981; Marsh and 
Adams 1995); nutritional depletion, such as reduced essential ions and trace elements 
(Bernstein 1975); and apparently death of endemic species whilst favouring exotic species, 
or weeds (Briggs and Taws 2003). Table 2.11 summarises the direct and indirect effects of 
elevated salinity levels on vegetation.  
Plant salt sensitivity and tolerance varies between species and with life history, and adult 
plants are often more capable of tolerating elevated salinity levels than juveniles or seedlings 
(Bernstein 1975). It should be noted that many of these effects are similar to those reported 
that impact aquatic invertebrates (see Table 2.8). Cramer and Hobbs (2002, 2005) indicate 
that it is essential to understand salt sensitivity and tolerance levels for individual species, 
including growth history variations, however, to mitigate and remediate disturbed 
ecosystems, also requires an understanding of the ecosystem response and the thresholds 
to increased salinity levels. Hasegawa et al. (1994) suggest glycophytes (non-halophytes) 
can adapt to high levels of salinity, provided that stress imposition occurs in moderate 
increments (as may be expected to occur in natural systems).  
The highest levels of soluble salts in salinised soils are generally found nearest the surface 
due to evaporation (Kreeb et al. 1995; Murray 1996; Taws 2003; Barnett 2000; Wagner 2001; 
Semple et al. 2006), where the dominant soil processes include cation exchange and 
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subsequent pH changes, aggregate dispersion, surface sealing, loss or deterioration of soil 
structure, and shrinkage and swelling (Szabolcs 1989). Additionally, salinity levels are highly 
variable in space and time (e.g. Semple et al. 1996; Barnett 2000; Odeh and Onus 2008), 
hence, all of these factors are likely to affect plant and soil biota and must be considered 
when investigating the effects of elevated salinity levels on plants.  
 
2.9. Confounding factors to salinity impacts 
2.9.1. Drought and climate 
The effects of drought and water deficit on vegetation can be visually similar to those from 
elevated salinity levels (Heatwole and Lowman 1986; Munns and Termaat 1986; Munns 
2002). Drought affected parts of S.E. Australia during the late 1990’s and early 2000’s 
(Hughes 2003; BoM 2006; Timbal and Jones 2008). Difficulties therefore arise when 
attempting to exclude the confounding and compounding effects of drought in woodlands 
that are also being stressed by a combination of other causal factors. In addition, Yellow Box 
Red Gum Grassy Woodland occur on the lower slope soils which are relatively high in clay 
content and seasonal moisture, hence, it is these environments where the soil water 
decrease subsequent to drought conditions is expected to be severely impacted. Dieback 
associated with the impacts of drought should therefore be a common occurrence in these 
parts of the landscape. It therefore appears that attempting to qualitatively or quantitatively 
identify a tree which is presumably suffering from soil and/or unusual, shallow watertable salt 
toxicity, or those that are suffering from soil moisture desiccation, is problematic. Therefore, 
drought is a confounding variable, or factor, in this research. 
 
2.9.2. Dieback 
Dieback, or increased tree mortality, has been directly linked with increased salinisation in 
previous reports from SE NSW (Taws 2003, Briggs and Taws 2003, Thompson and Briggs 
2005, Seddon et al. 2007) and is used to identify dryland salinity and ‘measure’ its impacts. 
However, it is a common phenomenon on the Southern Tablelands of NSW and indeed 
widespread across south eastern Australia with eucalypts being affected most seriously (Old 
et al. 1981; Heatwole and Lowman 1986). Therefore, a summary is provided in Table 2.13 
and Figure 2.8. It should be noted that in Figure 2.8 salinity impacts are presumed to only 
occur from ‘increased groundwater salinity’ due to death and removal of trees, therefore, 
only acknowledges the rising groundwater model. Although dieback was initially used as an 
indicator for salinity problems during site reconnaissance, it is considered another 
confounding variable in this research. ‘Google Image’ searches for ‘the effects of salinity on 
trees’ produce photos of dead or unhealthy appearing trees growing in degraded conditions, 
such as Figure 2.9 (accessed Oct 2006), although in many cases the dead trees have been 
ringbarked, a common practice on the Southern Tablelands, suggesting that this is what 
killed the tree, not the degraded conditions. 
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Table 2.13. A summary of the causes of dieback in SE Australia: summarised from various sources, 
including; Curry (1981), Heatwole and Lowman (1986), Landsberg et al. (1990), Wylie and Landsberg 
(1990), Jurskis and Turner (2002), Jurskis (2005a,b), Lindenmayer and Burgman (2005), Turner and 
Lambert (2005), and Wardell-Johnson (2005). 
Cause Examples 
Insect attack termites, phasmatids, lerps (psyllids - Homoptera), saw flies, cup moths 
(Lepidoptera), leaf hoppers and leaf minors, wood and stem borers, beetles 
(defoliators and wood attackers), weevils, Xyloryctid (ring bark small trees), stick 
insects, leaf scale 
Fungi leaf spot fungi, root rot (e.g. Phytophthora cinnomomi), canker forming fungus 
Viruses Particularly in the roots, but also throughout the plant 
Anthropogenic 
factors: 
fertilizers, herbicides, stock grazing, vegetation clearing and fragmentation, soil 
acidification (alkalization?), increased mechanical and chemical disturbances, 
allelopathic substances produced by exotic grasses or other plants, increased 
waterlogging (and associated anoxia), fire (intensity, frequency, season), 
nutritional imbalances (e.g. altered nitrogen physiology), changes in soil microbes, 
change in understorey and ground cover, bell mynas (birds), secondary 
salinisation, ringbarking (kills trees) 
Natural 
influences 
drought, senescence, natural succession, fire, storms, temperature extremes, 
violent winds, possum damage, predisposition and stress, mistletoe, galahs and 
cockatoo damage (and mynas), necrosis and vascular dysfunction of feeder roots 
(root pathogens) 
 
 
Figure 2.8. Contributing factors with possible linkages to dieback in NSW. Note that salinity impacts 
are presumed to only occur from ‘increased groundwater salinity’ consequent to death and removal of 
trees, therefore only acknowledges the rising groundwater model. From Wylie and Landsberg (1990). 
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Figure 2.9. Dead trees near Boorowa on the Southern Tablelands, reported as being due to the 
unfavorable degraded conditions (salinity), with an exposed A2 horizon, although closer inspection 
reveals the actual cause of death was ringbarking (google image). 
 
2.9.3. Stock grazing and salinity 
Pastoralism associated with intensive stock (sheep) grazing is the predominant agricultural 
activity on the Southern Tablelands of NSW. Due to its historical cumulative adverse impacts 
on the soil and vegetation across the region, stock grazing, past and/or present, is an 
additional confounding variable for this research. Additionally, numerous authors have linked 
salinisation with stock grazing, including Hughes (1983) in Queensland, Charman (1993), 
Cumming and Elliott (1993), Kreeb et al. 1995, Murray 1996, Wagner 2001, Bann and Field 
(2006c, 2010a) in NSW, Meadows in Tasmania and Szabolcs (1998a,b) in the northern 
hemisphere. Wagner (1987) highlights the fact that land degradation caused by extensive 
clearing prior to the 1950’s, mainly for stock grazing, accentuated salinity development on 
the Southern Tablelands of NSW. Many areas were used beyond their capacity, especially 
from indiscriminate stock grazing regimes, which degraded the soil allowing increased 
evaporation and consequent high levels of salts to accumulate at the surface. He also points 
out that stock can quickly degrade the soils by trampling, particularly the yellow sodosols 
(Isbell 1996) of the lower slopes and drainages of the tablelands. Wagner (2001, 2005), 
following 50 years of salinity research on the Southern Tablelands, indicated that in grazing 
areas, ground cover management was of prime importance in reducing dryland salinity. It is 
therefore summarised in Table 2.14. Figure 2.10 is included to highlight the effects of 
grazing and trampling on pasture productivity on these landscapes.  
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Table 2.14. A summary of the effects of grazing and its consequences on the ecology in Yellow Box 
Red Gum Grassy Woodlands, (summarised from various sources, including; Moore 1970; Powell 
1975, 1976; Johns et al. 1984; Saunders and Hobbs 1992; Eldridge 1993; Greene et al. 1994; Yates 
and Hobbs 1997; Yates et al. 2000; Greenwood and McKenzie 2001; Dorrough et al. 2004a,b; 
Chalmers et al. 2005), and personal observation. 
Grazing effect Consequences for ecology 
Preferred groundcover feeding Eliminates or reduces palatable plants, changes species 
composition and biodiversity, eliminates regeneration of certain 
species. Reduces litter and SOM. Increases soil evaporation.  
Understorey feeding Eliminates or reduces habitat for birds, bats, small mammals, 
frogs, reptiles and invertebrates, changes species composition 
and hence biodiversity. Increases soil evaporation. 
Trampling soil surface Compacts soil surface which increases bulk density, reduces 
SOM and microbial activity, permeability and porosity (reduces 
infiltration and water retention), causes soil structural decline, 
increases runoff and susceptibility to erosion, changes species 
(flora and fauna) composition including reducing spp. numbers 
and diversity. Destruction to ant nests. Increases soil evaporation 
Nutrient input (manure and 
urine) in lower areas 
Changes nutrient balance within the soil, changes species 
composition and biodiversity 
Favours exotic species (also 
through soil disturbance) and 
annuals 
Some weeds are more tolerant of the grazing regimes and/or the 
degraded conditions. Increased weed problems (e.g. competition) 
and effectively a decreased no. of endemic, deep rooted, 
perennial species.  
Direct addition of weed seeds Introduced weeds (seeds) on coat, hooves and manure 
Licking salt from surface Increases susceptibility to erosion 
Rubbing tree trunks In severe cases, can exacerbate dieback 
Create bare patches (which 
can develop into scalded 
areas) 
Plant and biomass removal accompanied with trampling and soil 
degradation creates bare soil patches with increased evaporation 
rates, thereby inducing salinity. Edge effects are  also created. 
Create tracks Tracks formed from stock are associated with vegetation and soil 
degradation and can initiate erosion channels, especially when 
they radiate from scalded areas or watering points. This may 
increase water flow onto (and off) the site. 
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Figure 2.10. Downward spiral of pasture productivity due to stock grazing and trampling (after 
McIntyre et al. 2005). The decrease in productivity could also be applied to the ecosystem, where the 
groundcover is an important component. 
 
2.10. Ecosystem functioning 
Ecosystem function refers to the capacity of an ecosystem to carry out the primary 
ecosystem processes of capturing, storing and transferring, or cycling, energy, carbon 
dioxide, nutrients and water (Solbrig 1991; Woodward 1993). Table 2.15 summarises the 
principle functions or processes essential for the maintenance of transfers of energy, 
nutrients and water. As ecosystem processes are many and complex, this research will 
focus on the subcomponents of the grassy woodland ecosystem, such as surface and 
subterranean biota present, landscape function and soil ‘health’, which includes structural 
stability and soil organic matter, chemical and nutritional attributes and surface hydrology. 
Many researchers suggest that it is at this level that biodiversity is likely to be most important 
(e.g. Hobbs 1992a,b; Wilson 1992; Baker 2008).    
 
Table 2.15. Principle ecosystem functions or processes essential for the maintenance of transfers of 
energy, nutrients and water (from Hobbs 1992b). 
Function/process Action 
Soil formation 
Decomposition  
Mycorrhizal activity 
Photosynthesis 
Nutrient cycling (and weathering/erosion) 
Nutrient cycling 
Enhanced nutrient uptake 
Energy capture, water cycling 
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Herbivory 
 
Pollination 
Propagule dispersal 
Predation/parasitism 
 
Other species interactions 
(mutualists/symbionts/competitors) 
Response to disturbance 
 
Hydrologic processes 
Plant growth, structure, habitat 
Energy, nutrient transfer 
Prevention of dominance 
Plant reproduction 
Plant movement 
Energy/nutrient transfer 
Enhancement of animal diversity 
Energy/nutrient transfer 
Plant and animal diversity 
Nutrient transfer. Plant establishment. 
Prevention of dominance 
Water movement and cycling 
 
 
2.11. Thesis questions and hypotheses 
The review on the impacts of dryland salinity and saline soils on biota provides the 
background to enable posing the third and fourth thesis questions; 3) Are sites with elevated 
salinity levels linked to endemic fauna and flora mortality? In other words, is dryland salinity 
a threatening process and are these degraded saline areas biological deserts? And 4) do 
endemic species show tolerance? 
Additional hypotheses that are tested, Hypothesis 3; elevated soil salinity levels (or dryland 
salinity) adversely impacts all terrestrial fauna and flora – scalds are biological deserts; and 
Hypothesis 4; Salt affected areas are highly dysfunctional, they have low rates of water 
infiltration, have unstable soil surfaces and little evidence of nutrient cycling.   
 
2.12. Current management practices 
The rising groundwater model is generally referred to for most salinity remediation and 
mitigation activities, such as those performed by Landcare groups, where it generally 
prescribes the planting of the recharge zones, the nearby hills, with perennial vegetation, 
usually trees (e.g. Walker et al. 2002; Stirzaker et al. 2002; DPI 2005) and/or the planting of 
the designated discharge zones with salt (and waterlogging) tolerant species, which are also 
commonly non-endemic (e.g. Barrett-Lennard 2003; Lambert and Turner 2000; Marcar and 
Crawford 2004; DPI 2005). The objective is to soak up ‘excess’ water. The amount of 
revegetation to achieve this is considerable; Hatton and Nulsen (1999), Baker et al. (2001), 
Hekmeijer et al. (2001) and Stauffacher et al. (2000) suggest that in southern Australia, a 50% 
reduction in recharge will only stabilise salinity problems and the adoption of a minimum of 
30% retention of perennial vegetation was considered to be the best option. This figure has 
been estimated to be as high as 80% of the catchment to be planted to trees, for whole-of-
catchment solutions (George et al. 1999). In a relatively recent report from the Australian 
government confirming this, Campbell (2008) suggests that “You cannot fix salinity just by 
working in a small part of a catchment” and “large scale revegetation is a valuable tool for 
tackling salinity, especially in catchments with local groundwater flow systems”.  
However, Bennett and George (2008), using data from 24 farm forestry sites in Western 
Australia, actually revoke previous ideas, claiming that reforestation does not actually work 
and is therefore a waste of time. The same situation has been identified on Landcare funded 
sites on the Southern Tablelands (Brad Parker and Brian Cumberland pers. comm. 2005). 
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As groundwater management has previously been the focus, other activities such as on site 
soil remediation works are rarely considered, nor is the removal, or at least temporary 
exclusion, of stock from the site. It is therefore clear that management practices for dryland 
salinity which are based on the rising groundwater model are also shrouded with confusion. 
 
To facilitate mitigation and remediation, Wagner (2001) indicated that development and 
adoption of more sustainable and productive farming systems was required on the Southern 
Tablelands, not just the extensive tree planting that has been proposed and promoted. In a 
number of cases, rehabilitation of former saline sites was achieved at the local property 
scale, in a relatively short time period, where the farmer’s primary objective was to develop 
more productive and sustainable farming systems from improved practices that treated land 
degradation in general. Oddly, his recent work is rarely cited in studies undertaken from the 
same region where he completed his research (e.g. Briggs and Taws 2003, Zeppel et al. 
2003, Thompson and Briggs 2005, Seddon et al. 2007). 
The grass species commonly used and promoted for salinity mitigation and remediation 
activities in SE Australia, particularly salinised areas or discharge zones, are exotic, and 
include tall wheat grass (Thinopyrum ponticum), puccinellia (Puccinellia ciliata), and 
perennial ryegrass (Lolium perenne) (e.g. DPI 2005) (Figure 2.11a). However, Semple et al. 
(2003) found that these species do not perform well at all sites and tall wheat grass has the 
potential to escape from sites and become an environmental weed (Elias 2002). In addition, 
Puccinellia does not tolerate acidic soils (Semple et al. 2003), which are common on the 
Southern Tablelands. Although some research indicates that native grasses are indeed 
relatively salt tolerant (Semple et al. 1994; Kreeb et al. 1995; Rogers et al. 2005; Bann and 
Field 2006b, 2008; 2010b) and are useful for salinity natural resource management activities 
(e.g. Wagner 2001; Semple and Cohen 2002), they are largely overlooked as alternatives to 
the exotic species. In addition, trees used for management activities often comprise eucalypt 
hybrids and/or West or South Australian species (e.g. Pepper and Craig 1986; Schofield 
1992; Marcar et al. 2000; Lambert and Turner 2000; Harwood and Bush 2002) as shown in 
Figure 2.11b and c, rather than local endemic species as suggested by Bann and Field 
(2006b, 2008, 2010b). Halophytes are considered a viable proposition for salinity 
management in many areas of southern Australia, especially within and surrounding scalds 
in the more arid zones (Barrett-Leonard 2002; Barrett-Lennard et al. 2005; Condon 2005; 
Malcolm 2005), however, they are generally not considered for management practices on 
the Southern Tablelands. 
 
a)   b) 
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Figure 2.11.  
a) Site at Williams Creek near Dicks Creek, STNSW, approximately 15km north of the ACT, where 
management activities have focused on using mainly exotic grass species. Note the salty patches 
where the soil is bare (increased evaporation) and the level of grazing (plant condition and amount of 
dung) that has significantly reduced the amount of herbage. Despite remediation efforts, this site 
remains highly degraded. 
b) Site adjacent to Fig 2.11a, where management activities have focused on the planting of exotic and 
hybrid tree species, seen in the distance. 
c) Site located near Murrumbateman, STNSW, between the ACT and Yass, where hybrid eucalypt 
species have been used in farm forestry activities. Endemic species are rarely used, despite the 
Yellow Box Red Gum Grassy Woodland being listed as an Endangered Ecological Community. 
 
 
2.13. Thesis questions and hypotheses 
The review on the management of dryland salinity, in addition to the previous review 
sections, provides the background to enable posing the two last questions; 1) ‘what activities 
are most relevant for the management of apparent dryland salinity in these landscapes?’ and 
based on all the evidence, 2) ‘what is the most applicable conceptual model to explain 
dryland salinity expressions in upland landscapes’, and ‘what is the best method to manage, 
map and monitor such areas’  
An additional objective of this thesis research was to identify potential endemic species 
worthy of further investigations for salinity management. 
 
2.14. Summary 
The chapter identifies numerous problems regarding the currently accepted causal 
mechanisms and processes of dryland salinity across southern Australia, especially the 
upland non-irrigated areas. These problems are listed in Chapter 1, with most deriving from 
the acceptance of the rising groundwater model as the general cause of all salinity 
expressions. This therefore, has major implications for any presumed affects and impacts 
from elevated salinity levels per se on terrestrial biota, and additionally, how to monitor, map 
and manage such degraded areas. 
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The following chapter will identify sites on the Southern Tablelands of NSW, a known region 
where dryland salinity occurrences are prevalent, to perform holistic measurements and 
gather data so as to quantify and address these problems. 
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CHAPTER 3  
 
STUDY REGION AND RESEARCH SITES 
 
3.1. Study area 
 
Specific sites were required that enabled the thesis questions and hypotheses to be 
answered, namely, degraded sites that were regionally typical and representative, and that 
appeared to be, or were known to be, affected by elevated soil salinity levels. As 
investigating causation of elevated salinity levels was a thesis aim, in addition to any impacts 
to the local biota, sites containing the dominant grassy woodland vegetation type in relatively 
good condition were also required.  
Following extensive reconnaissance investigations across three states in southeastern 
Australia, the Southern Tablelands of NSW was selected for several key reasons. 
Accessibility to the region from the ACT and the high number of sites apparently affected by 
dryland salinity were significant determinants. The region is considered to be one of the most 
severely affected parts of NSW (NLWRA 2000) with reports suggesting that salinisation is 
the most serious environmental problem facing farmers in this area, reported to be 
increasing at a rate of 17% per year (Jenkins in ULCMA 2002; MDBCMC 1999; Scott 1991; 
Evans 1996; Seddon et al. 2007). The region has therefore received considerable amounts 
of government funding for community awareness and education, monitoring, mitigation and 
remediation activities (e.g. Freudenberger et al. 2004). In addition, the region contains 
significant remnants of Yellow Box Red Gum Grassy Woodlands (YBRGGW), a requisite for 
this research. 
 
3.1.1. Regional geology 
Geology of the research area is complex (Branagan and Packham 2000; Johnston et al. 
2013). All sites are located within the Mid Palaeozoic Lachlan Fold Belt (LFB) and comprise 
Ordovician metasediments and Silurian volcanics and associated metasediments 
(Fergusson 2003; Foster and Gray 2000). The LFB Ordovician rocks are extensive, covering 
a large area of south eastern New South Wales (Branagan and Packham 2000). They 
comprise predominantly of Early-Mid Ordovician interbedded quartzite, shales, cherts and 
slates that belong to the Adaminaby Group, deposited as turbidites in a deep marine 
environment (Monaro Forearc Basin) (Scheibner and Basden 1998; Veevers 2001) and 
thinly interbedded deep marine black shales and sandstones belonging to the Late Early – 
Late Ordovician Pittman Formation (such as the Acton Shale Member). These sediments 
were mainly derived from the south (Ross-Beardmore Orogen in Antarctica) and west 
(Delamerian Highlands) (Veevers 2001). Outcrops are generally best observed in road 
cuttings and lithology is generally steeply dipping, folded, fractured and faulted (Figure 3.1). 
Geological and geomorphological structures (ranges and drainages) generally have a 
northerly trend. It has been suggested that it is the Ordovician lithology that salinity 
outbreaks more commonly form on the Southern Tablelands of NSW (e.g. van Dijk 1959, 
1969; Gunn and Richardson 1979; Gunn 1985). Six of the research sites are located on this 
lithology. 
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a)  b) 
Figure 3.1. Steeply dipping Ordovician geology 
a) Typical steeply dipping (vertical) Ordovician metasediments with pale coloured ‘salts’ seeping from 
a number of fractures. 
b) Road cutting on the Hume Highway south of Goulburn showing the steeply dipping Ordovician 
metasediments. 
 
Silurian deposits comprise predominantly of felsic volcanics (subaerial dacitic and rhyolitic 
ignimbrites and lavas, porphyry and tuffs), shallow marine volcaniclastics and 
metasediments including shales and sandstones, quartz rich greywackes, grey slates, black 
shale, slates and cherts (Fergusson 2003). Deeper water quartz-rich turbidites also occur at 
a number of locations. Sediments were deposited in the (generally shallow to deep marine) 
Cowra Trough and sub-aerially on the westerly encroaching Molong Rise (Molong Volcanic 
Arc of Scheibner and Basden 1998; Veevers 2001) or Canberra-Yass Shelf (Abell 1992) 
during the Silurian and Devonian (Branagan and Packham 2000). These volcanoes supplied 
much of the sedimentary material for the easterly marine deposition. The extensive Middle 
Silurian Hawkins Volcanics of the Douro Group are associated with this westerly 
encroachment, and often form the more resistant hills across the study region. The four 
research sites not located on the Ordovician geology are located on this lithology.   
The region has undergone at least four main phases of extensive folding and faulting, with a 
number of unconformities and disconformities present (Abell 1991, 1992, Finlayson 2008; 
Scheibner and Basden 1998; Veevers 2000, 2001). These include the Benambrian (end 
Ordovician), Quidongan (Early Silurian), Bowning (Early Devonian), Tabberaberan (Middle 
Devonian) and the Kanimblan Deformations (Early Carboniferous). Faulting, ranges and 
valleys exhibit a preferred north-south lineament and dips are vertical at many locations. 
Jointing, fractures and cleavage are also a prominent feature. A number of faults have 
Silurian/Ordovician boundaries. Intense weathering has produced iron oxides such as 
haematite and goethite and carbonates such as siderite. 
Gravels are also present at a number of sites and have been inferred to be early Tertiary 
and/or Quaternary in age (Abell 1992), although Opik (1958) suggested that they may be 
related to Permian glaciation, which Branagan and Packham (2000) support. Van Dijk (1969) 
discusses the dissected strath benches containing gravels and relict salt in the Yass Valley 
although the age suggested is simply ‘ancient’. However, as there are no other Permian 
deposits in the study region, it is more likely that they are Tertiary and/or Quaternary in age 
and probably associated with palaeochannels and colluvium (e.g. Abell 1992; Melis and 
Acworth 2001; pers. observ.). 
Although Silurian and Devonian limestones, Silurian, Early Devonian and Carboniferous 
granitic intrusions and Tertiary basalt outcrop within the study region, they were avoided to 
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reduce inherent variables (factors) such as pedology (Northcotte and Skene 1972), 
groundwater flow systems (Nicholson 2003), innate and connate salt sources (Gunn 1985) 
and most likely, biodiversity (floristic) associations related to the different lithologies 
(Costermans 1998).  
 
3.1.2. Soils 
 
Soil patterns of the area are complex (van Dijk 1961; Gunn 1985; Hird 1991; Wagner 1987, 
2001). Soils on the lower slopes and drainage lines of the region, which are often developed 
on the Ordovician metasediments, have been classified as solodics, solonetzics, soloths and 
sodosols, in addition to yellow duplex podzolics (Stace et al. 1968; Northcotte and Skene 
1972; Hird 1991; Isbell 1996). The A0 horizons are either absent or very thin with minimal 
humic decomposition and the A1 horizons vary in thickness. A bleached A2 horizon abruptly 
lies above a relatively impermeable, clay rich B horizon. The soils therefore have poor 
drainage and are subject to prolonged seasonal wetness (dominantly in winter and early 
spring) from being subject to lateral downslope seepage within the upper soil profile (i.e. 
‘throughflow’ or ‘interflow’). This leads to seepages of water with increased concentrations of 
dissolved salts developing in the lower levels of the landscape (accessions), hence, 
salinised scalded areas are commonly restricted to these sites (Wagner 2001). These soils 
are often non alkaline (neutral to acidic), although can also be alkaline (Barnett 2000), saline 
and sodic duplex soils that are highly dispersible and very prone to erosion. Colours are 
predominantly Dy2 and Dy3 with minor Dr3 and Db3 occurrences (Wagner 2001). Common 
features of these soils are hard setting surfaces, sodic chemistry, poor structure, low fertility 
and low infiltration rates (van Dijk 1961, 1969; Barnett 2000; Wagner 2001; Rengasamy et al. 
2003). These characteristics predispose the soils to degradation including sheet, gully and 
tunnel erosion, waterlogging and low water availability to plants (Charman and Murphy 2000; 
Rengasamy et al. 2003; Sumner and Naidu 1998). Soils often grade into red (brown) duplex 
podzolics (chromosols) moving from the Ordovician onto the Silurian lithology (Wagner 
2001).  
Soils developed on the Silurian volcanics and associated metasediments (i.e. Douro Group 
at 4 sites) are often deeply weathered with a more gradational profile than the soil profiles on 
the Ordovician metasediments, although, they also usually have a strongly bleached A2 
horizon.  They usually have a good structure (pedality) and water holding capacity (van Dijk 
1961; Wagner 2001). It is considered that these soils have good cropping capabilities with 
yields of 7 tonne wheat per hectare (Wagner 2001). 
Aeolian deposition, namely parna, occurs throughout southeastern Australia, including the 
Southern Tablelands and it is likely that this dust was associated with salt transportation, 
sourced from inland Australia, particularly during dryer periods such as glacials (Bowler 1976; 
Broughton 1992, Acworth et al. 1997, McPherson 2004, Hesse and McTainish 2003; Hesse 
et al. 2003, Acworth and Jankowski 2001; Jankowski and Acworth 1997; Melis and Acworth 
2001; Cattle et al. 2005). 
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3.1.3. Salinity on the Southern Tablelands 
 
Systematic identification of sites from previous salinity mapping was not possible due to the 
absence of prior extensive salinity mapping and inconsistent coverage of woodlands in the 
salinity mapping across the region (Please et al. 2002; Taws 2003). Figure 3.2 shows areas 
considered threatened by dryland salinity in the Murray Darling Basin, with an extensive area 
on the Southern Tablelands of NSW, to the north of the ACT.  
 
 
Figure 3.2. Areas in the Murray-Darling Basin, south-eastern Australia, threatened by dryland salinity 
(from MDBC 1999). 
 
Historical salinity records for the south east of NSW are scarce (e.g. Wagner 1986, 1987, 
2001; Andrew Wooldridge pers comm. 2004), however a summary of the more intensive 
salinity research is provided.  
Early workers suggested that soil type could be a principle limiting factor to any spread of 
dryland salinity (e.g. Cope 1958; van Dijk 1969; Wagner 1957, 1986), which also concurs 
with more recent work of Wagner (2001, 2005), Tunstall (2001, 2005) and Bann and Field 
(2005a,b, 2006a,d, 2010a). 
Wagner (1957) and Logan (1958) reported that dryland salinity resulted in the death of 
vegetation and was exacerbated by land clearing, however, these conclusions were also 
based on qualitative evidence. Wagner (1987, 2001, 2005; 2006 pers comm.) subsequently 
revised these conclusions, suggesting that soil degradation subsequent to unsustainable 
management practices is a more likely cause for the localised and contained expressions. 
Logan (1958) noted that the salt affected soils located throughout the NSW tablelands and 
slopes were rapidly increasing, needing urgent control measures, although quantitative data 
for this increase in area was not provided. 
Van Dijk (1969) noted during reconnaissance soil studies in the Yass Valley from 1957 to 
1967 that the salinisation pattern had a complex character with three different types of 
salting involved. These are summarized as they also apply to recent salinity expressions: 
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1) The most common type of salinity in the region during the early years of observations 
occurred in small basin shaped valleys or gentle hollows in larger valleys. He indicated 
that deep groundwater, if present, was rarely free to rise above the semi-impermeable 
dense clay B horizon, a feature of the regional soils at low topography.  
2) Often developed as scalds found in relatively high situations on upper gentle slopes of 
undulating and rolling topography in slightly hollow areas. Although of limited and 
localised extent, it is usually associated with seasonal springs related to temporary 
perched watertables following heavy rainfall. The lithology which this type of salinity 
forms is always the Ordovician steeply dipping metasediments.  
3) Gentle slopes below higher country where run-off spreads out and evaporation follows. 
The soils are generally strongly differentiated duplex, with dense silty loam A horizons 
overlying denser clay subsoils. Severe scalding is often the consequence.  
He indicated that all 3 types can occur in juxtaposition, highlighting the variability of the 
regolith, both spatially and temporally. He also reported that the type locality for salting in the 
Yass Valley was situated at Dick’s Creek, where all 3 types of salting occur within the same 
localized area (<2Ha) (Figure 3.3). This site has since become one of the most visited and 
iconic dryland salinity sites in eastern Australia.  
Dick’s Creek, approximately 15km north of the ACT, a classic example of soil and vegetation 
degradation and one of the most publicized salinity sites in NSW, possibly Australia, 
however, Tunstall and Bann 2009 reported that EM38 and EM31 surveys indicated low 
salinity levels. The site suffers severe soil erosion due to subsoil exposure and lateral 
surface water movement from ongoing stock grazing. The site is intensively grazed by sheep 
(Figure 3.3a). Management at this site based on the rising groundwater model has failed as 
the focus has not been on soil degradation. Revegetation on the hillslopes to reduce 
recharge, hence reduce any discharge from the lower area, has not addressed the problem.  
 
 
Figure 3.3a. Dicks Creek, showing severe degradation with typical surface water erosion flowing 
laterally off the cleared denuded slopes. Most of the A horizon has been removed, exposing the sodic, 
dispersible B horizon. Sheep still regularly graze this site. Note the pedestals with remnant A horizon 
soil and native grasses persisting. Note also the vegetated ridges and the dead tree stumps, which 
died from ringbarking more than 50 years ago (Rex Wagner pers comm 2006). 
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Figure 3.3b. Dicks Creek, with sheep grazing, despite almost no fodder. Note the piezometers to 
monitor deep groundwater and revegetation patch midslope to ‘suck up’ the ‘recharge’. 
 
Wagner (1957, 1986, 1987, 2001, 2005) researched more than 90 salinised sites in SE NSW, 
collectively covering the main major known outbreaks in the region (see Section 2.8.2). He 
used sequential aerial photography and many interviews with farmers and other workers, to 
determine that most salinity expressions were not a recent phenomenon, they were apparent 
by the early 1900’s following seemingly inappropriate land management practices. Most 
sites reached a maximum extent by the 1970’s and no evidence was found for the majority 
to be expanding or getting any worse since. He reported that dryland salinity is a symptom 
as well as the result of unsustainable land use and management practices.  
Other salinity work done on the Southern Tablelands includes Gunn and Richardson 1979, 
Gunn 1985, Barnett 2000 (see Section 2.8.2), and Acworth and Jankowski 2001, whom also 
noted the heterogeneity of the salinity, both spatially and temporally, the association with 
grazing and degradation, and the complexity of the influences from which scalds arise.  
 
3.1.4. Climate 
The study area generally receives an annual average rainfall  of 600mm-700mm, although 
this is heterogeneous across the region and varies considerably between years (e.g. from 
211mm to 1228mm per annum at Yass during the past 120 years, BOM 2010). The majority 
of rain usually occurs during the cooler winter and spring months, however, significant rain 
storms do occur during the warmer months. Storm rainfall is often much greater than 
potential infiltration rates hence there is significant runoff as overland flow. This flow has 
been attributed to the increased salinity levels in the Boorowa Creek and Lachlan River 
(Priday et al. 2002). Evaporation rates are estimated at >1100mm/annum across the region, 
which greatly exceeds precipitation (BOM 2005). The BOM provided historical and recent 
precipitation data for Canberra Airport, Yass and Boorowa Post Offices (BOM 2010). 
The average temperatures ranges from 0-12°C in mid winter and 13-30°C in mid summer, 
although this varies, with temperatures down to –9°C and up to 42°C (BOM 2008). In 
addition, the region receives strong westerly and north westerly winds predominantly during 
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spring and summer, increasing evapotranspiration rates and occasionally laden with dust. 
The high summer temperatures and evaporation rates, in addition to strong winds and dust 
accessions are all considered important factors for salinity development. 
 
3.1.5. Yellow Box Red Gum Grassy Woodlands 
The dominant vegetation community that usually resides on the slopes and along drainage 
lines, where increased salinity levels inherently occur, is composed of Eucalyptus melliodora 
(yellow box) and E. blakelyi (Blakelys red gum) grassy woodland (YBRGGW). These grassy 
woodlands occupy the more developed, more fertile soils of the lower slopes and gently 
undulating areas, in a belt through Victoria and New South Wales to south east Queensland 
as shown in Figure 3.4, generally within the 400 – 800mm rainfall isohyets and 170 – 1200m 
elevations (Costin 1954; Beadle 1981; Auslig 1990). For this reason, they have been 
extensively cleared for agriculture post European settlement and they are relatively poorly 
conserved in parks, reserves and on private land. They are listed as an Endangered 
Ecological Community (EEC) in the ACT (Nature Conservation Act 1980) and are an 
important alliance of the White Box, Yellow Box, Red Gum Grassy Woodland listed as an 
EEC in NSW (NSW Threatened Species Conservation Act 1995) and Critically Endangered 
nationally (Environmental Protection and Biodiversity Conservation Act 1999). They are 
currently listed for recommendation as a separate EEC under the NSW TSC Act 1995. On 
the NSW southwestern slopes and southern tablelands, less than 4% of the pre European 
Yellow Box Red Gum Grassy Woodlands remain (Thomas et al. 2000) with even less (<1%) 
in the Central Lachlan region (Austin et al. 2002). Remaining remnants are generally small in 
size and are highly isolated, disturbed, modified and fragmented (McIntyre et al. 2002; 
Lindenmayer et al. 2005). Cemeteries, roadsides, Crown Land, and some Travelling Stock 
Reserves often remain the only areas relatively undegraded by stock (NPWS 2003).  
Although generally existing on more fertile soils, the grassy woodlands also reside on the 
less fertile solodics (Beadle 1981; pers. obs.) and tolerate extreme temperatures in winter 
and summer. The dominant flora species of YBRGGW comprise E. melliodora and E. 
blakelyi as the tree canopy with a native grass and herbs/forbes groundcover (illustrated in 
Figures 3.5, 3.6). E. blakelyi often dominate the slopes that are not susceptible to cold air 
movement, whilst E. melliodora often dominate the more undulating slopes and flats and 
around watercourses (NPWS 2003). Other tree species that often occur with the grasst 
woodland community include E. albens (white box), E. mannifera (brittle gum), E. 
macrorhyncha (red stringybark) and E. rossii (scribbly gum) on the upper slopes and ridges 
with E. bridgesiana (apple box), E. microcarpa (grey box), E. rubida (candlebark), E. 
polyanthemos (red box), E. cinerea (Argyle apple), E. dives (broad-leaved peppermint) and 
E. viminalis (ribbon gum) on the lower slopes and drainage lines. The midstorey, where 
present, is usually dominated by juvenile trees (eucalypts).  
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Figure 3.4. Area shown where YBRGGW occupies (from EA website) 
 
 
Figure 3.5. YBRGGW at Site 3 (Coffees Bridge TSR), showing juvenile and mature E. melliodora, E. 
blakelyi, and a mixture of exotic and endemic grasses. This is a Travelling Stock ‘Route’ as opposed 
to a fenced ‘reserve’, hence the grazing regime is considerably less than the actual reserves. 
 
 
Figure 3.6. YBRGGW at Site 8 (Broadway TSR) showing juvenile and mature E. melliodora, E. 
blakelyi, with Acacia spp. in the mid-storey, and a mixture of exotic and endemic grasses. This site 
has a low grazing regime and consequently, abundant regrowth. 
 
Grassy woodlands are important habitat for hundreds of flora species (NPWS 2003) and 
numerous fauna species (Lindenmeyer et al. 2005). A number of flora and fauna species are 
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listed as Endangered (TSC Act 1995) and/or restricted to the bioregion, including mammals, 
birds, bats, frogs, reptiles, and invertebrates.  
Economic and social benefits of the grassy woodlands include shelter for stock (and 
subsequent benefits such as increased meat and wool production); insect control; reseeding 
after drought and fire (seed bank); soil benefits such as reduced evaporation and erosion 
and increased nutrient supply; and important aesthetic values (Gibbons and Boak, 2000; 
McIntyre et al. 2002). E. melliodora are also important honey production trees (Brooker and 
Kleinig 2001), an important nectar source when flowering for many fauna species (Er and 
Tidemann 1996; Lindenmeyer et al. 2003) and a useful timber (Boland et al. 1984) and farm 
forestry species (Bann and Field 2006b, 2010b). E. melliodora will also hybridize with E. 
polyanthemos (red box) (Lindenmeyer et al. 2005).  
The Yellow Box Red Gum Grassy Woodlands often occur in areas of the landscape prone to 
secondary salinisation, hence research investigating the link between degradation and 
salinisation, biodiversity and geodiversity in these ecosystems is essential to understand the 
causes and processes of impacts, and to subsequently design and implement remediation 
and sustainable conservation management activities. 
 
3.1.6. Travelling Stock Reserves 
Travelling Stock Reserves are reported as being the areas which retain the greatest Yellow 
Box Red Gum Grassy Woodland remnants and plant diversity within the Boorowa Shire 
(Priday et al. 2004) and the entire Southern Tablelands (Fallding 2003). This concurs with 
other reports from elsewhere around the state (e.g. NPWS 2004; Davidson et al. 2005; 
Lentini et al. 2011). 
Travelling Stock Reserves (TSR’s) are parcels of Crown Land that have been reserved for 
use by travelling stock (RLPB 2001) (see Figure 3.7). They originated from Travelling Stock 
Routes established during the 1830’s when settlers required tracks to get stock from rural 
grazing lands to appropriate transport, markets and abattoir facilities located in towns and 
cities. Watering points occurred at regular intervals along these routes and often developed 
into designated Stock Watering Places (SWP’s). By the 1860’s, continual stock movement 
by pastoralists into country NSW created a network of routes of which many still exist and 
are still used for stock droving. Livestock trails, or stock routes, are not unique to Australia, 
however, in no other country has such an extensive and formalised system evolved 
(McNight 1977; Lentini et al. 2011). Their main purpose was, and still is, to provide pasture 
reserves for travelling and agisted stock, essential during times of drought, bushfire or flood. 
Currently, many of the TSR’s in the central and eastern part of the state are relatively small 
paddocks, relics of the past routes (Lentini et al. 2011). 
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a) b) 
c) d) 
Figure 3.7. Travelling Stock Reserves (TSR’s)  
a) Site 7. Coolalie TSR, near Yass, which has a separate enclosure seen to the right of the photo, 
excluded from intensive stock grazing. Outside this enclosure is leased to the neighbouring 
farmer. Mistletoe growing on the eucalypts is prevalent at this site. 
b) Site 5. (Eady’s New TSR - north of Yass). This site has a severely degraded area to the left of the  
photo which has had considerable soil works done to remediate the situation. 
c) Site 1 (Nanima TSR), which became the research main site, situated approximately 10km to the 
north of the ACT. The main scald areas on this site are to the left of the photo near the regrowth in 
the distance. 
d) Site 1, with sheep present.    
 
TSR’s in NSW were previously managed by Rural Lands Protection Boards (RLPB), formerly 
called Pasture Protection Boards. Management priorities in Yellow Box Red Gum Grassy 
Woodlands included weed and pest animal control and pasture management (grazing 
regimes). The Board system was funded by rural landholders through rural property rates 
and was run as a not-for-profit business. Management costs associated with the TSR 
network were met via levies collected from users of the TSR’s with generally no additional 
funding from the government. A management balance between priorities including 
conservation outcomes and practices such as exclusion of stock at salinised areas and 
grazing activities (e.g. feed supply during drought) occasionally involved challenging and 
conflicting goals (Davidson et al. 2005). In 2009, the RLPB’s were replaced with Livestock 
Health and Pest Authorities. 
Most TSR’s are located on the more fertile productive land to supply feed for travelling 
(and/or agisted) stock, following water courses for ease of watering stock, and also on higher 
ground so they can be passable during wet times (RLPB 2001). This has ensured that the 
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reserves cover varied parts of the landscape, providing habitat for rare and endangered 
species and communities. Hence, they are recognised as some of the most important, 
relatively undisturbed areas of land in NSW (Davidson et al. 2005; Possingham and Nix 
2008, Lentini et al. 2011). This includes significant reserves of remnants on the STNSW 
(RLPB 2001; Priday et al. 2002). The role of reserves have expanded to include public 
recreation activities such as bushwalking, horse riding, bird watching, fishing, and 
orienteering, in addition to apiary sites and native flora and fauna conservation (RLPB 2001; 
Davidson et al. 2005, Lentini et al. 2011). 
Approximately 200 TSR’s were initially inspected in the Yass, Young, Goulburn, Wagga 
Wagga, and Braidwood RLPB regions. Sites varied from being relatively undisturbed and the 
best that could be located in the region for this research to those which were severely 
degraded and of no use for this research. Eight were selected in the Yass and Young RLPB 
regions. 
 
3.1.7. Crown Land, Nature Parks and cemeteries 
 
Similar to TSR’s, Crown Land and cemeteries in the region often contain relatively 
undisturbed YBRGGW remnants. A number of Crown Land sites were investigated with one 
selected for this research. An application to take soil samples was applied for and received 
from the Goulburn Department of Lands. All Crown Land sites inspected had some form of 
disturbance, predominantly grazing, ringbarking and tree felling, ‘tidying up’ (removing fallen 
logs and branches for firewood) and rubbish dumping. Cemeteries were investigated with a 
number identified as possible research sites, however, problems included small site size and 
difficulty obtaining soil samples and EM measurements. In addition, onsite survey equipment 
and human interference was a concern.   
Numerous Nature Reserves were inspected, many of which contain relatively undisturbed 
YBRGGW remnants, especially in the ACT (Fallding 2003), with one selected for this 
research, due to evidence of tree dieback and proximity to home.  
 
3.1.8. Private Land 
 
Rural properties cover the majority of the Southern Tablelands. The major agricultural 
activity is stock grazing, usually sheep and cattle with some seasonal cropping, such as 
canola. Numerous landholders were contacted and many private land sites were initially 
inspected. Private land sites were generally extensively cleared with relatively small patches 
of remnant grassy woodlands and subject to complex and intense past and present landuse 
practices, particularly intensive sheep grazing regimes, and vegetation modification for 
cropping and grazing. Furthermore, other problems arose with some landholders, such as 
unimpeded access. Therefore, a lack of suitable sites and other inherent problems rendered 
private land sites unsuitable for this research. 
3.2. Sites 
 
Previous knowledge and research were used when searching for sites, which included 
meetings and discussions with many personnel and experts from academia, government 
agencies and non-government organizations and numerous landholders. Sites from Barnett 
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(2002), Taws (2003) and McElhinny (2003) were also investigated. The data base for the 
Upper Murrumbidgee Landcare project ‘Saltshaker’, and a number of other projects 
administered by Greening Australia ACT were also scrutinized for possible sites (Brian 
Cumberland pers. comm. 2003). 
 
3.2.1. Site selection criteria 
 
The main criteria used to identify study sites are shown in Table 3.1. Site criteria selection 
also involved a degree of stratification (Mike Austin pers comm. 2004), achieved by 
restriction of factors and research sites also shown in Table 3.1. This stratification helped 
minimize variables and factors to reduce confounding, hence, facilitate more meaningful 
statistical analysis, results and interpretation.   
Once sites were identified as potential research sites, they were visited and inspected for; 1) 
bare degraded areas, preferably with visible scalds; 2) dead or dying trees, where the 
dieback criteria of Heatwole and Lowman (1986) was adopted; 3) indicator species 
according to Matters and Bozon (1989) and Fogarty et al. (1993), such as Juncus, sea 
barley grass, and couch,  and 4) traversed with the EM38 instrument to identify areas with 
relatively high readings, hence conductivity and presumed salinity levels. 
Point 4 is of particular importance as it was the EM38 surveys that initially determined site 
selection. This was done at each site on foot, commonly zigzagging across the site, paying 
particular attention to where the highest and lowest of the conductivity readings would likely 
be. Stakes were inserted into the ground at these locations to be included as a survey 
station along a transect, where future measurements would be taken. Most high conductivity 
readings were located at bare degraded areas (often scalds) at lower elevations and low 
conductivity readings at vegetated areas. 
Most highly degraded and scalded areas inspected were small, generally less than two 
hectares or much smaller (1-20m2) although surrounding grassy woodlands usually covered 
a greater area. 
Table 3.1. A summary of the criteria and attributes used to select research sites.  
* = stratification criteria used for initial identification. LFB = Lachlan Fold Belt 
Selection criteria Detail 
*Map sheets Canberra & Goulburn 1:250,000 
*Biogeographical region Southern Tablelands of NSW 
*Climate Medium average annual rainfall (550-700mm/annum) 
*Geology  Lithology restricted to two types (LFB Ordovician & Silurian 
metasediments & volcanics) to constrain confounding. Geology was 
taken from 1:50,000 & 1:100,000 maps, with field verification. 
Distance from Canberra Within 1.5 hours drive from home 
*Vegetation community  YBRGGW In a relatively undisturbed or ‘unmodified’ condition 
Permanent & good access  To and within the site (all weather tracks, keys to locked gates)  
Grazing regime and 
disturbance 
Relatively low levels (and lack of weeds), Grazing pressure was 
estimated during site reconnaissance with a score of 0 for ungrazed 
to 4 for extensively grazed; assessed from the condition of grasses 
and forbes, stock tracks, the number of sheep and/or cattle present, 
amount of dung, discussions with RLPB rangers/managers and 
local farmers. All sites had been grazed at some time. 
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Evidence of salinity 
(elevated soil EC levels) 
Inferred from previous research and discussions with relevant 
experts, dead/dying trees, erosion, indicator flora species, EM38 
and EC(1:5)  levels 
Presence of scalds Although not present on all sites, scalds were a main site criteria 
Comparable site size Total area of each site ~10-25Ha 
Comparable topography Slopes generally <5 degrees 
Low interference levels Low likelihood of human interference & stock disturbance 
 
Ten research sites were chosen, 8 out of 10 were located on Travelling Stock Reserves (see 
Section above), the other two were located in crown land and a nature reserve. All sites 
comprised Yellow Box Red Gum Grassy Woodlands. Seven of the sites had scalds, which 
were to be used to test the causation and impact hypotheses. Sites also needed to be in 
areas that were unlikely to be regularly frequented by people to reduce the risk of equipment 
interference. 
 
3.2.2. Site Locations 
 
The sites were chosen to account for spatial heterogeneity and random variation, and 
replication performed at ten locations to avoid location-specific phenomena or geographic 
bias (Margules 1992; Margules et al. 1994, Margules and Austin 1994). 
Nine of the ten sites were located in NSW, the tenth located in Gungaderra Nature Park 
(GNP) in northern ACT (Figure 3.8) Site details are summarized in Table 3.2. Figure 3.9 
shows google earth images of each site. Appendix 3.1 summarises site characteristics, 
vegetation and other information.  
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Figure 3.8. Ten research sites located on the Southern Tablelands of NSW.  
Site 1 = Nanima TSR; 2 = Pudman TSR; 3 = Coffees Bridge TSR; 4 = Phils Ck TSR; 5 = Eadys New 
TSR; 6 = Yass River TSR; 7 = Coolalie TSR; 8 = Broadway TSR; 9 = Crown Land (Broadway); 10 = 
Gungaderra Nature Park Reserve. 
 
1)     2) 
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3)     4) 
5)    6) 
7)    8/9) 
10) 
Figure 3.9 Google earth images of each research site. Red circles show the locations where the 
surveys and data collection was carried out. Elevation and views are not consistent. North arrows can 
be seen on the circle in top right of photos. Road width is used for scale, being ~4m wide. Bare pale 
areas (scalds) are evident in many of these images. 
a) Site 1. Nanima TSR 
b) Site 2. Pudman TSR 
c) Site 3. Coffees Bridge TSR 
d) Site 4. Phils Creek TSR 
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e) Site 5. Eadys New TSR  
f) Site 6. Yass River TSR 
g) Site 7. Coolalie TSR 
h) Sites 8 and 9. Two sites - Broadway TSR (right third of woodland) and Crown Land Reserve 
(left two thirds of woodland) 
i) Site 10. Gungaderra Nature Park (ACT) 
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Table 3.2. Sites summarised indicating elevation (metres above sea level, within 5m), longitude and latitude (taken from google maps), size in Ha, 
number of transects (TRANS) set up at each site, geology (Group: Douro – Silurian; Adaminaby - Ordovician) and catchment. 
SITE Site # TSR # ELEV’N LONGITUDE LATITUDE SIZE TRANS GEOLOGY CATCHMENT 
Nanima TSR 1 50 Yass 610 masl 149°, 05’, 50” E 35, 00’, 30” S 12 
Ha 
12 Adaminaby Murrumbidgee 
Pudman TSR  2 154 Young 581 148°, 55’, 54” E 34, 35’, 05” S 24 12 Douro Lachlan 
Coffees Bridge TSR 3 49 Young 455 148°, 46’, 10” E 34, 23’, 40” S 20 12 Douro Lachlan 
Phils Ck TSR 4 152 Young 620 148°, 58’, 40” E 34, 21’, 44” S ~20 6 Adaminaby Lachlan 
Eadys New TSR 5 19 Yass 629 148°, 58’, 08” E 34, 40’, 12” S 16 4 Douro Lachlan 
Yass River TSR 6 49 Yass 580 149°, 12’, 0” E 34, 57’, 30” S 10 4 Adaminaby Murrumbidgee 
Coolalie TSR 7 43 Yass 610 148°, 58’, 40” E 34, 48’, 05” S 16 4 Douro Murrumbidgee 
Broadway TSR 8 30 Yass 620 149°, 5’, 10” E 34, 48’, 15” S 24 4 Adaminaby Lachlan 
Crown Land 9 - 630 149°, 4’, 50” E 34, 42’, 0” S 24 4 Adaminaby Lachlan 
GNP 10 - 595 149°, 06’, 51” E 35, 13’, 03” S ~10 4 Adaminaby Murrumbidgee 
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3.2.3. Catchments 
 
Research sites were located within the Upper - Mid Lachlan and Mid Murrumbidgee River 
Catchments of the Murray Darling Basin (see Figure 3.8). Four southern sites (Sites 1, 6, 7 and 
10) flow into the Murrumbidgee River Catchment, and six northern sites flow into the Lachlan 
River Catchment (Sites 2, 3, 4, 5, 8, and 9). All sites were situated on the Southern Tablelands 
which lie within the western part of the Great Dividing Range, with the Mundoonen Range 
dissecting the two catchments. The biogeographical region lies in the South Eastern Highlands 
(Thackway and Cresswell 1995). 
Both Catchment Blueprints (Lachlan; LCMB 2003 and Murrumbidgee; MCMB 2003) and most 
recent Catchment Action Plans (LCMB 2013 and MCMB 2013) indicate that dryland salinity is a 
major environmental and agricultural problem and ongoing threat, requiring ongoing monitoring 
and management.  
 
3.2.4. Site geology 
 
Sites with elevated salinity levels are commonly found on both the fractured and faulted Silurian 
and Ordovician metasediments. It appears that this fractured and faulted lithology may influence 
surface water pathways by providing more permeable regions for lateral water flows and hence, 
salinity movement.  This is observed when evaporite deposits form on rock surfaces in road 
cuttings following rainfall (Figure 3.1a). These outcrops are often at ridges and upper slopes, in 
addition to locations well above the height of the actual roadway, indicating that the water 
movement is both lateral and surficial and travels downslope under gravity. Any apparent 
groundwater influence is absent. The EC of this evaporite material is extreme, with EC(1:5) 
measurements often >20,000 µS/cm.  Addition of 10% HCl to the in situ evaporite material 
produces a violent reaction, possibly due to carbonate, bicarbonate and/or hydroxide. It was not 
determined if the lithology or geological structures (i.e. jointing, faults, dykes) are directly 
causing or influencing any saline expressions at any of the sites, however, geology may play a 
role for some salinity outbreaks by influencing soil and hydrological processes.  
3.2.5. Scalds 
 
Scalds were systematically searched for using the identification criteria provided by previous 
workers listed in Chapter 2 (e.g. Williams and Bullock 1989) and reports (e.g. DPI 2005). Many 
scalds at sites visited during the initial site identification stage, did not produce high apparent 
conductivity readings with the EM38 or have high surface soil salinity levels, as measured by 
the EC(1:5) method in the field. 
 
Bann and Field (2006a) document a number of situations where scalds commonly form across 
the study region. Similar occurrences have been observed in all southern Australian states. 
Examples include 1) fenceline salinity, where scalds form along fence-lines from cattle 
congregating and trampling. This can be seen from both the ground and aerial (google) images, 
which are presented in Chapter 12. 2) drainage line constrictions, as shown in Figure 3.10, 
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where roads and tracks are built across drainage lines, thereby preventing drainage, hence 
runoff rainfall accumulates, being effectively dammed, and evaporating. The problem is from 
compaction of the surface soil profile, nothing to do with groundwater. 3) Track salinity, where 
scalds form along old vehicle tracks, which can also have elevated salinity levels (Figure 3.11). 
These are common across the study region. Also common are scalds that form where road 
drainage is directed and allowed to pond and evaporate, as shown in Figure 3.12. These 
degraded sites are driven by surficial processes, not rising saline groundwater. 
 
 
 
Figure 3.10. Drainage line constriction salinity, where a road has been built across a drainage line 
constricting surface water flow. A scald often develops upslope of the track, when requisite conditions are 
favourable. 
 
 
Figure 3.11. Track salinity, where scalds form along old vehicle tracks, effectively removing the A1 
horizon and exposing the A2 horizon. Often, the highest EM apparent conductivity and EC(1:5) readings 
were taken from the tracks. These types of expressions are common. 
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a) b) 
Figure 3.12. A scald, adjacent to research Site 9, Crown Land at Broadway, north of Yass, The photos 
are taken 8 months apart, a) in summer of 2005, b) in the following spring. This site receives road 
drainage from both sides of the road (seen in b). It lies upslope of the Crown Land site, which is a well 
vegetated grassy woodland with no apparent signs of stress from salinity or indeed a shallow 
groundwater problem. Water drains onto the site and evaporates, accumulating evaporites. Sheep still 
graze this site regularly.  
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CHAPTER 4.  
 
METHODS  
 
4.1 Sampling design and data collection 
 
The over-arching research hypothesis is that abiotic and biotic attributes at sites affected by 
apparent dryland salinity are associated with surficial, top down degradation processes.  To test 
this hypothesis, degraded sites with apparent dryland salinity had to be found as described in 
the previous chapter.  In this chapter, the chosen suite of abiotic and biotic attributes that were 
predicted to show changes and associations with these degraded areas, with potentially 
elevated soil salinity levels, are described.   
As all parameters likely to be important cannot be measured, the selection of objective and 
strategic, efficient and repeatable measures that would likely provide relevant and useful 
information were adopted.  
The methodology was therefore designed to capture and quantify relevant regolith and 
ecosystem information; flora and fauna presence above the surface, surficial hydrology and soil 
physical, biological, and chemical attributes from the ten research sites. These are summarised 
in Table 4.1 and expanded on in Table 4.2. 
 
Table 4.1. Summary of the attributes measured to quantify landscape and ecosystem attributes. 
 Attribute Measurement 
Biota Flora Species present 
  Health (photosynthesis rate) 
 Fauna - vertebrates Presence (diversity) 
            - invertebrates Presence, abundance, diversity 
Surface hydrology Surface flow (runoff) Observations and fill traps 
 Infiltration Disc permeameter 
 Interflow (soil) Shallow piezometers 
 Soil moisture Air dried and oven dried analyses 
Soils/ regolith Physical Slake, surface penetration, ASWAT 
 Chemical EC(1:5), ECa, pH, cations & anions, nutrients, SOC, CEC 
 Biological Bulk soil microbial respiration, microbes, SOM 
 
 
Completely random sampling was not possible due to the non-random controls and spatial 
variation, or heterogeneity, within and between sites. Therefore, a structured site and randomly-
stratified sampling technique was adopted whereby the sample, or replicate, reflected the 
important variables, or attributes, of the system (Cook and Stubbendieck 1986; Goldsmith 1994; 
Mike Austin pers comm. 2004). This involved the collection of relevant data from the 
representative set of replicates, covering the range of habitats, or Patch Types, being 
investigated. Three Patch Types were identified which covered the vegetation types, or strata, 
and landscape variation. These were bare areas, including scalds, and vegetated areas, 
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grasslands, which were divided into sparse and dense, depending on percent coverage and 
size of thickets, and trees. This gave a total of four patch types. 
 
4.2. Transects 
 
The initial plan for the sampling design was to follow the gradsect approach of Austin and 
Heyligers (1989, 1991), whereby transects are placed to run along a gradient of a given 
parameter, which in this case, was to be surface soil salinity (EC) levels. Transects, or ‘lines of 
small quadrats’, are used to facilitate measurements in highly variable natural systems such as 
these, and are transparent and repeatable (Margules and Austin 1991; Goldsmith 1994). This 
approach attempts to obtain a representative sample of the environmental variation using 
climatic, lithological, pedological and topographic characteristics of the study region. Sampling 
along or across environmental gradients can also capture more information about biotic and 
abiotic attributes than randomly placed transects in the landscape (Austin and Helyigers 1989, 
1991). However, due mainly to 1) a lack of obvious scalded areas with high apparent electrical 
conductivity (ECa) levels at many research sites, 2) the location of these when present and, 3) 
the limiting size of the sites, it was not possible to place transects in a way that ideally abided to 
the gradsect approach, where EC levels increased along the transect, or down gradient. It was 
also determined that increasing EC levels down slope, or gradient, was not general.  
Therefore, within each site, 50m line transects were located using a randomly stratified 
sampling technique to provide maximum representativeness of all landscape and ecosystem 
(Patch) types and attributes, especially changes in the indicators. Maximum transect length was 
determined by the size of the site and the presence of fencing. In most cases, transects were 
located away from fences and other metal objects (buried or exposed) to obtain unobstructed 
EM38 and EM31 measurements. This necessitated a minimum distance of 3m from a fence-line. 
In addition, fences are often associated with a sudden change in landuse practices, such as 
differing grazing regimes, hence, boundaries for different soils and vegetation parameters. In 
three cases where the site dimensions were large enough, two transects were added together 
to make a 100m long transect, although, they were treated as two separate 50m transects.  
All sites were initially extensively traversed on foot with the EM38 (see section 3.2 for details) to 
identify areas with high and low apparent electrical conductivity (ECa) readings (surrogate for 
high and low salinity levels) which, where possible, were subsequently incorporated into the site 
transect and survey locations. The transects commonly either started within 
woodlands/grasslands, usually exhibiting low ECa, and extended into bare degraded zones with 
elevated salinity levels, or areas with high ECa, sometimes scalds, or, were within 
woodlands/grasslands entirely. As some sites did not have scalds and others had only one or 
two, not all transects crossed a scald, or indeed a bare patch. Where conditions made it 
possible, transects were set up crossing the interface of two vegetation communities (i.e. bare 
areas to grasslands and/or woodlands) to also detect differences between the communities, or 
Patch Types, as well as the changes in substrate (and associated EC levels).   
Transects were aligned either perpendicular to slope (effectively gradsects if salinity did actually 
increase down slope), with gradients of 1 to 4°. Wagner (2001) and personal observations 
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indicated that salinity in the region is rare on slopes greater than 5º, with most sites occurring on 
slopes of 2º or less.  
A minimum of four transects were set up at each site (six of the ten sites): six transects at one 
site (Site 4) and twelve transects at the three case study sites (Sites 1, 2 and 3), totaling 66 
transects. The larger size of the sites and site criteria compliance (see section 3.2) allowed for 
the additional transects at the case study sites. This replication was considered sufficient to 
insure maximum internal and external validity, to allow for maximum representativeness and to 
account for inherent variation of Patch Types, or vegetation strata, within and between sites. 
This allowed generalization across the grassy woodlands of the STNSW. Hardwood stakes 1m 
long were hammered into the substrate at each end of the transect. An example of the transects 
are illustrated in Figure 4.1. Various biotic and abiotic measurements were taken at regular 
sampling intervals along each transect, termed survey ‘stations’. 
 
a  b 
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Figure 4.1 
a) View along transect 1 (T1) at Site 1, although not observable, this transect traverses a severely 
degraded, scald area (station 3) and terminates in the woodland in the distance (station 4). The 
station seen in the foreground is an additional station set up between station 1 and the start of the 
transect (station 1a, which was not used in the analyses). Station 1 is seen in the centre of the 
photo. 
b) Looking along transect 2 (T2) at Site 1 (about 50m from T1) prior to the stations being setup. The 
transect terminates in the same woodland as T1. 
c)  Looking along transect 3 at Site 6, showing stations 3 and 4, 10m apart. Note the scald area 
which drains into the adjacent (healthy) eucalypt regrowth. 
 
4.3. Sampling within transects  
 
Each transect was divided into four sampling sites, termed survey stations, 10m apart and 10m 
from either end for consistency (Figure 4.2), where measurements were taken. This gave a 
minimum of 16 stations at each site, the three case study sites having 48 stations each. This 
provided a total number of 264 stations, or replicates, from all ten research sites.  
The placement of the stations was determined initially from the EM38 survey identifying the high 
and low conductivities, the high readings were usually at the more degraded areas, especially 
within scalds. The low readings were generally where dense grass and/or trees were growing. 
As high readings were less common than low readings, high readings took priority over station 
placement. This enabled stations to be placed either within bare soil patches, in some cases 
scalds, sparse and dense grass patches and beneath trees. 
The stations enabled repeated and rigorous sampling at the same location during the research 
period. They also allow the option for further monitoring to determine temporal and/or ongoing 
changes (e.g. for further disturbance and degradation, or recovery). When measurements are 
performed over time, the rates of change can also be determined (Southwood 1978). 
Assumptions that are made for the stations include;  
a) that the microcosm or niche (habitat) surrounding the sampling point will be 
representative of, and be influenced by the habitat as a whole, but still be independent of 
the other stations (i.e. scale considerations of the animals being surveyed);  
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b) that any changes observed within the microcosm or niche, are typical of the site or 
habitat (Patch Type) as a whole, and any significant changes of the measurements 
should be detected along the transect;  
c) they provide a sound indication of these differences and/or changes (Goldsmith 1994).  
At each station a 2x2x40cm hardwood peg was hammered into the ground 20-30cm, leaving 
10-20cm protruding (Figure 4.2). A pine and red gum log disc (biota habitat) and a buried toilet 
roll were placed within 50cm of the stake. A pitfall trap was also placed at each station during 
autumn and spring in 2005 (more extensive pitfall trap sampling was initially performed at Site 1 
for trials). Dry soil samples from 0-5cm and 5-10cm were collected from each station for later 
laboratory analysis (EC, pH and a subset of cations, anions, organic carbon, N, P and ASWAT). 
Surface abiotic and biotic metrics were collected, including the Landscape Function Analysis 
indicators. EM38 and EM31 surveys were conducted along each transect. This provided 
extensive quantitative biotic and abiotic data for each station, transect and site. 
 
 
Figure 4.2. A ‘survey station’, four of which were placed along each 50m transect 10m apart and 10m 
from each end, showing pine (Pinus radiata) and red gum (Eucalyptus blakelyi) (left and right respectively) 
log discs, a set pitfall trap (galvanized roof showing), a set respirometer, and a buried toilet roll bait 
(between the log discs and the stake). 
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4.4. Quantitative and qualitative indicators 
Although the emphasis is directed towards quantitative data for characterizing land and 
ecological qualities, conditions and changes (Shaxson 1998), qualitative data is a necessary 
component to this research. Much of this comes from field observations, essential for identifying 
and monitoring both soil and vegetation degradation with salinised areas. Discussions with 
rangers, farmers and other land managers often provided useful historical information, for a 
greater overall understanding of the situation at each site. Qualitative data derived from time-
series of ordinary snap-shot photos of particular places, conditions etc, as an example, can 
provide easy, information-rich records of complex or ephemeral situations whose quantification 
would not be physically or economically practicable (Shaxson 1998). Hence, qualitative 
information such as temporal observations are utilised to support data and interpretations 
attained from quantitative measurements.  
 
4.5. Methods summarised 
The key system attributes, and abiotic and biotic indicators used to measure and provide 
information of these as identified from the literature (adapted from Shaxson 1998), to address 
the thesis Questions and Hypotheses, are summarised in Table 4.2. It can be seen that all 
measures apply to both Question 1 and Hypothesis 1, as these form the fundamental basis of 
the thesis. Detailed methodology descriptions for each survey technique are provided in the 
respective chapter also listed. 
 
Table 4.2. A summary of the indicators used to measure and provide information of the important system 
attributes, as identified from the literature (adapted from Shaxson 1998). Attributes are divided into abiotic 
and biotic. The thesis questions and hypotheses each indicator will aid to answer, and predicted 
outcomes, are also provided (ASWAT = Aggregate Stability in Water and LFA = Landscape Function 
Analysis). Methodological details are provided in subsequent chapters that focus on these measurements.  
Attribute Indicators used in this 
research 
Questions 
(Q) & 
Hypotheses 
(H) 
Predictions Chapter 
describing 
method 
Abiotic     
Soil salinity EC(1:5) (done in the field 
and lab)  
Q all;  
H all 
EC(1:5) 1) increases with 
soil/veg degradation, 2) 
highly variable spatially 
and temporally 3) Is 
associated with most 
other attributes due to 
deg. 
5 
Bulk soil 
conductivity (ECa) 
EM38 / EM31 instruments 
– ECa surveys performed 
during 2 seasons 
(dry/wet) 
Q 1,2,5,6;  
H 1,2,5 
ECa 1) is strongly 
correlated with EC(1:5) 2) 
increases with soil/veg 
deg 3) highly variable 
spatially & temporally 4) 
6 
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inverse relationship with 
depth & other indicators 
5) increased readings 
following rainfall 
Soil acidity and 
alkalinity 
pH meter (field and lab) Q 1,2,3,5,6; 
H 1,5 
pH levels change and are 
associated with soil/veg 
deg 2) highly variable 
spatially 
5 
Soil structure and 
porosity 
(architecture)   
Infiltration (permeameter) 
and compaction 
(penetrometer). Also 
pedality observation. 
Q 1,2,5.6;  
H 1,4,5 
1) Infiltration change with 
deg; 2) compaction 
increase with deg 3) 
structure decline with deg 
7, 12. 
Structural stability    Slake and ASWAT tests Q 1,2,5,6;  
H 1,4,5 
1) slake and 
dispersion increases with 
deg  
12. 
Cation and anion 
toxicities 
Laboratory analyses (50 
soil subsamples) 
Q 1,2,5,6;  
H 1,4,5 
1) cations and 
anions levels will alter 
with deg – Na and anions 
will increase and Ca will 
decrease 
5. 
Effective cation 
exchange capacity, 
ESP & SAR 
50 soil subsample 
measurements (lab) and 
calculations 
Q 1,2,5,6;  
H 1,4,5 
1) CEC will decrease & 
ESP and SAR will 
increase with deg 
5. 
Plant-available 
nutrients 
laboratory soil N and P 
analyses (also runoff and 
infiltration) 
Q 1,2,5,6;  
H 1,4,5 
1) N & P levels will 
decrease with deg  
11. 
Available water 
capacity 
SOM (H2O2), infiltration, 
moisture 
Q 1,2,3,5,6; 
H 1,4,5 
1) SOM, infiltration and 
moisture will decrease 
with degradation 2) SOM 
will be associated with 
EC levels 3) SOM will be 
associated with LFA 
11 & 7. 
Surface hydrology Pitfall traps (runoff) (also 
infiltration) 
Q 1,2,5,6; 
H 1,4,5 
Runoff will be 
considerable/changed at 
degraded areas 
7. 
Subsurface 
hydrology 
Shallow piezometers and 
two EM surveys 
Q 1,2,3,5,6; 
H 1,2,3,5 
1) Shallow groundwater 
should be present 
beneath all scalds (RGM) 
and 2) This groundwater 
should be the dominant 
hydrology (RGM) 3) The 
dominant hydrology is 
above the B horizon 
(SWM). 4) According to 
RGM, deep ECa levels 
should increase with 
rainfall and moisture. 
6 & 7. 
Surface and 
subsurface water 
EC of puddles after 
rainfall and from shallow 
Q 1,2,5,6; 
H 1,3,4,5 
Water EC should 
increase at degraded 
7. 
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salinity piezometers areas and in piezo’s at 
scalds 
Biotic     
Flora species 
present 
Survey and identification, 
especially at and 
surrounding scalds 
Q 1,2,3,4,6; 
H 1,2,3,5 
1) Species no. will decline 
at degraded areas, 2) 
exotic species should 
dominate degraded areas 
8. 
Vegetative cover 
close to the soil 
surface 
LFA indicators – 
Perennial Vegetation % 
cover, Rainsplash 
Protection, Patch, Litter  
Q 1,3,4,5,6; 
H 1,3,4,5 
All attributes should be 
affected by increased 
degradation, especially 
EC, pH and biota 
12. 
Soil biota   presence of macro & 
micro invertebrates with 
the use of pitfall traps, log 
discs placed on the 
surface, toilet roll baits, 
bulk soil microbial 
respiration & microbe 
analyses 
Q 1,3,6 
H 1,3,5 
Biota should be impacted 
by elevated EC levels 
and degradation 2) biota 
levels should be 
associated with other 
relevant indicators, biotic 
and abiotic 
9. 
Plant vigor 
(fitness/health) 
Direct observation of tree 
health (dieback) and use 
of the PEAmeter to 
measure photosynthesis  
Q All; 
H 1,2,3,5 
1) Dieback should be 
obvious with trees 
growing near salinity 
expressions and 2) 
photosynthesis should 
decrease with elevated 
salinity levels and deg 
8. 
Soil organic matter   H2O2, total % organic C 
(lab) & direct observation 
(organic material & soil 
colour) 
Q 1,2,5,6 
H 1,4,5 
1 SOM will decrease with 
increased degradation 2) 
SOM will be associated 
with EC levels 
11. 
Vertebrate 
presence 
Reptiles and frogs caught 
in pitfall traps and 
observation beneath log 
discs, mammal 
identification including 
exotic and endemic 
Q 3 
H 3 
Vertebrates should 
generally avoid scalds if 
scalds are biological 
deserts 
9. 
 
 
4.6. Data Analyses 
GenStat (10th Edition) was used for initial statistical analyses. The first exercise involved looking 
for associations between variables using the Pearson product-moment correlation coefficient. 
The correlation coefficient is the most important measure of linear relationship between two 
variables (McGrath 1997), measuring both strength and direction. The correlations were used to 
identify associations between the abiotic and biotic indicators, particularly EC levels, but also to 
identify those that are likely to be linked to degradation. The results of each variable are 
provided with each section in the relevant chapter. All of the abiotic variants except Slake have 
an inverse (negative) relationship with their recorded scores, whereas the biotic variants are 
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positive, that is, unfavourable (undesired or adverse changes) states, or conditions, are caused 
as scores increase, rather than decrease as with the biotic variants. The correlation coefficients 
were also used to identify an inverse relationship between depth and the ECa readings from the 
two instruments four depth responses and a number of other indicators, both abiotic and biotic. 
The following statistical techniques adopted included multiple regression (Cohen and Cohen 
1983; Edwards 1979), generalized linear models to extend the ordinary regression framework to 
situations where the data did not follow a Normal distribution, such as a binomial distribution, or 
where a transformation, known as the link function, was required before a linear model could be 
fitted (Dobson 1990; Emlyn Williams pers comm., 2006). The generalized linear models were 
adjusted for position effects, or differences between, sites (which also factored in geology), 
transects within the sites and stations along the transects, bearing in mind that none of these 
position effects were kept constant. Sites were analysed with various response variables fitted 
to the factors ECfac, pHfac and Scald. The ECfac (EC factor) and pHfac (pH factor), shown in 
Tables 4.3, were produced from the EC and pH measurements respectively to allow analyses 
with response variables performed with the EC and pH being factors. The F-products were 
identified as highly significant (p<0.001), significant (p<0.01 and p<0.05) or non-significant 
(p>0.05). The results of these are also included with each indicator in the relevant chapter. 
ANOVA via simple regressions were performed with Excel for the use of nominal variables with 
more than two values (Cohen and Cohen 1983; Huitema 1980) when the correlation coefficient 
and regression analyses indicated an association. These are presented in scatter plots and 
tables. 
 
Table 4.3. Ranges of EC and pH values used for the ECfac and pHfac used in the regression and 
generalised linear models analyses. The ECfac data was drawn from previous studies. The EC values 
were also used in the thesis. Multiply dS/m by 1000 to attain µS/cm. 
ECfac EC(1;5) dS/m 
Low  <0.199 
Medium 0.2 - 0.599 
High 0.6 - 0.999 
Very High 1.0 - 1.999 
Extreme 2.0 – 5.0 
 
 
 
 
 
 
 
 
 
4.7. Methodology and results presentation 
 
To answer the thesis questions and hypotheses, the following seven chapters have been 
divided into themes, which are based on abiotic and biotic indicators, as shown in Table 4.4, 
pHfac pH(1:5) 
Very Acid <4.49 
Acid 4.5 – 5.49 
Neutral 5.5 – 7.49 
Alkaline 7.5 – 8.49 
Very Alkaline >8.5 
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and presented with the results and discussion for each theme. Table 4.4 also shows the thesis 
questions and hypotheses being answered. Basically, the first three chapters focus on the 
abiotic indicators whilst the other four focus on the biotic indicators. It should be noted that the 
Landscape Function Analysis technique combines the use of both abiotic and biotic (floral), 
indicators. 
 
Table 4.4. Results chapter numbers showing the methodologies addressed and the thesis questions and 
hypotheses being answered. Hypotheses abbreviations below. 
Chapter #  Methodology addressed Hypotheses 
5 Soil surface EC(1:5), pH and soil chemical analyses (cations & anions) 1, 3, 5 
6 Bulk soil conductivity (EM = ECa) 1, 2, 5 
7 Soil surface and subsurface hydrology All 
8 Floral diversity and abundance 1, 2, 3, 5 
9 Fauna diversity and abundance 3 
10 Bulk soil respiration, microbes and SOM/SOC 1, 3, 4, 5 
11 LFA and soil nutrients 1, 4, 5 
 
Hypotheses no. Hypotheses abbreviation 
1 Degradation (dryland salinity) causation (surface mechanisms & process) 
2 Degradation (dryland salinity) causation (groundwater driven & focused) 
3 Degradation (dryland salinity) impacts biota. Scalds are biotic deserts. 
4 Scalds are dysfunctional, how degraded are they? 
5 Management for degraded areas should be surface soil & hydrology focused 
6 Management for degraded areas should be groundwater focused 
  
 
Lastly, the ‘Habitat Hectares’ biodiversity survey method (Parkes et al. 2003) was investigated 
as it has been suggested that this method may be useful in these situations, however, it was 
deemed unsuitable for this research. An overview is provided in Appendix 4.1. 
 
4.8  Patch Type - Landscape Function Analysis  
Patch Type, mentioned in section 4.1, provided a platform for the Landscape Function Analysis 
methodologies to be assessed. It classifies the vegetation type, or strata, along the transect, 
with four levels or indices, increasing with vegetation levels;  
 
1 = Bare Soil (no vegetation),  
2 = Sparse Grass (small plants and tussocks, widely spaced) 
3 = Dense Grass (thick tussocks, closely spaced)  
4 = Treed (any trees overhanging the area, including saplings).  
 
These were recorded along each transect whilst performing the LFA surveys, as described in 
Chapter 11, then, the readings from the survey stations were used in the analyses with the other 
abiotic and biotic metrics collected at the station, including EC. The Patch types may be 
considered a surrogate measure of degradation, where Bare Soil is commonly more degraded 
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and less functional than the vegetated Patch types, the Dense Grass and Treed patches likely 
to have suffered the least degradation. This should be reflected in the data, where Bare Patches, 
or areas with no vegetation and little or no litter, should have consistently elevated salinity levels, 
especially scalds. According to the rising groundwater model, the scalds have been formed from 
the elevated salinities, or the scald is a symptom of the salinity, rather than the other way round 
for a surficial degradation model. Scalds are a subgroup of the Patch type, Bare Soil, and are 
dealt with separately in Chapter 5.   
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CHAPTER 5.  
 
ABIOTIC INDICATORS - EC, pH and cations and anions 
 
5.1. Introduction. 
 
The results are presented in the following seven chapters to provide some structure for clarity. 
The first three chapters deal with the abiotic indicators, predominantly; 
i) soil EC and chemical attributes; ii) electromagnetic induction (EM); and iii) landscape 
hydrology;  
The next three chapters focus on the biotic attributes;  
iv) flora; v) fauna and vi) soil microbes and SOM,  
and the 7th chapter (Chapter 11) on Landscape Function Analysis, which combines both abiotic 
and biotic indicators. Each of these chapters contributes data and information to address the 
problems, questions and hypotheses listed in Chapter 1. These are summarized in Table 5.1. 
 
 
Table 5.1. Summary of chapters 5 – 11 presenting the results with application to the thesis questions and 
hypotheses outlined in chapter 1 (provided again also).  
Chapter Chapter theme Questions Hypotheses 
5     Abiotic - EC & chemical 1, 2, 3, 5, 6 1, 2, 3 
6     Abiotic - EM  1, 2, 3, 5, 6 All 
7     Abiotic - landscape hydrology 1, 2, 3, 5, 6 All 
8    Biotic - fauna 3 3 
9     Biotic - flora 2, 3, 4, 5 1, 2, 3 
 10    Soil microbial respiration & SOM 1, 2, 3, 5 All 
 11    LFA (flora & abiotic), nutrients 1, 2, 3, 5, 6 1, 2, 3, 4 
 
Hypotheses no. Hypotheses abbreviation 
1 Degradation (dryland salinity) causation (surface mechanisms & process) 
2 Degradation (dryland salinity) causation (groundwater driven & focused) 
3 Degradation (dryland salinity) impacts biota. Scalds are biotic deserts. 
4 Scalds are dysfunctional, how degraded are they? 
5 Management for degraded areas should be surface soil & hydrology focused 
6 Management for degraded areas should be groundwater focused 
 
 
As the soil surface electrical conductivity (EC(1:5) or simply EC) data is required to answer most 
of the thesis questions and hypotheses, this is initially presented to identify lateral heterogeneity 
along and between transects, and between sites. According to a surface degradation model, 
heterogeneity is expected as the degradation at the surface is usually variable. A more uniform 
response is expected should shallow groundwater be the cause of the degradation, as the 
problem should be spread over a larger area.  
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This is then used to test the experimental design based on the vegetation, or ‘Patch’ type and 
soil surface EC, which required identifying differences, associations and trends between Patch 
types, in addition to the other abiotic indicators. That is, whether different vegetation types 
exhibit changes in soil surface EC levels and whether the bare and scalded areas are 
universally associated with elevated EC levels. Previous reports claim that they are and are 
therefore used to identify sites with dryland salinity (Chapter 2). This data is then used to firstly 
identify if all bare areas, particularly scalds, are saline, which according to the rising 
groundwater model they should be, as the unusual and toxic shallow groundwater is claimed to 
be the cause of the elevated salinity levels hence the bare, scalded areas.  
 
Vertical and temporal variations are also presented. As salt is an evaporite, accumulations are 
expected at the surface, hence elevated EC levels. The B horizon is also expected to influence 
vertical EC levels with the drastic change in texture and other properties. If groundwater was an 
influence, elevated EC levels should be expected at depth, as this is the claimed source of the 
surficial salinity (evaporates). Temporal variations are also expected, influenced by the high 
solubility of any evaporites present. 
 
This fundamental information is required for determining site characterisation and the process 
mechanisms operating in these systems and subsequently, the design of strategic remediation 
and management options and activities. It is also necessary for identifying whether a predicted 
impact, pattern or relationship exists when salinity levels increase, including any association 
with a reduction, or a change in, biodiversity levels and composition. Additionally, it will assist 
determining whether EC (salinity) levels are the main driver of both abiotic and biotic processes 
in these landscapes, or, whether it is just another synergistic symptom of soil and vegetation 
degradation, as reported in Chapter 2 and discussed in Chapter 12.  
 
The second section investigates soil pH and the 3rd section of the chapter deals with soil 
chemical attributes, cations and anions, to assist identification of the predominant salts affecting 
both EC and pH. This includes those that are toxic to, or limiting to biota.   
 
5.2. Electrical Conductivity Measurements 
 
The electrical conductivity (EC) of a soil suspension is used to estimate the concentrations of 
soluble salts in the soil (Rayment and Higginson 1992). The soil EC is a surrogate measure for 
salinity. The soluble salts commonly consist predominantly of the cations Na+, Mg2+, K+ and 
Ca2+ and the anions Cl-, SO42- and HCO3- (Rayment and Higginson 1992). A high EC 
corresponds to a high concentration of soluble salts in the soil, which is considered to be 
undesirable to most plants (Poljakoff-Mayber and Gale 1975; Rengasamy et al. 2003). High soil 
EC levels are a requisite for dryland salinity and are therefore a focus of this research, and 
instaed, the independent variable. 
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5.2.1. EC methodology 
Soil samples were collected at every survey station when setting up the pitfall traps and termite 
roll baits. Samples of approximately 400grams were taken from 0-5cm and 5-10cm depths and 
allowed to dry in paper bags before the analyses. 
The EC method adopted for both field and laboratory measurements was based on a 1:5 
soil/water extract. This soil/water ratio has been widely used in Australia for many years and a 
considerable data base has been accumulated (Rayment and Higginson 1992; Slavich and 
Petterson 1993; Semple et al. 1994, 2006). Although it is likely that sparingly soluble salts will 
contribute to a greater extent at this ratio than at more concentrated ratios, the values of EC 
attained by this method are consistent and considered satisfactory for the comparative purposes 
of the research.  
The EC was also determined on samples collected down a number of auger holes from bare 
scalds and vegetated stations at Sites 1, 2 and 3 to investigate vertical variation through the soil 
profile. As salt is an evaporite, it was expected to find the elevated levels at or close to the 
surface. 
To investigate temporal change, samples were taken periodically in the field at a number of 
stations, including over a number of months in summer 2005/6 at scalds at Sites 1 and 5. These 
stations initially exhibited high surface EC levels. Analyses were then carried out in the 
laboratory.  
 
EC Laboratory procedure 
Soil samples were prepared by grinding approximately 100g, then sieving through a 2mm soil 
sieve. Samples were oven dried at 40°C overnight (approximately 16 hours). A 1:5 soil/water 
suspension was prepared by weighing 5.0g of soil into a 50 ml plastic vial then adding 25ml of 
distilled water. This was placed on a mechanical tumble shaker and shaken end over end for 1 
hour. The samples were then allowed to settle in an upright position overnight, at 25⁰C. All 
samples were measured within 24 hours of being shaken. 
Measurements were performed with a Radiometer Copenhagen (Conductivity meter CDM 3) 
high precision EC meter by suspending the electrode into the solution without disturbing the 
settled soil. A mechanical arm was utilised and measurements were taken when the electrode 
was stationary and when the reading had stabilised. The electrode was rinsed with distilled 
water between samples. The EC was measured in micro Siemens per centimeter, µS/cm 
(equivalent to 1000 times dS/m and mS/cm). The soil pH measurement was performed 
immediately following this procedure, which is described later in the chapter. 
 
5.2.2. EC Results 
 
Surface EC and lateral variation 
 
Soil EC(1:5) measurements performed in the laboratory from the top 5cm (0-5cm) varied between 
20 and 4450 µS/cm (Site 1 T1/3) with a mean of 349 µS/cm (SD 738) (Figure 5.1 and Table 
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5.2), and 16 to 2150 µS/cm with a mean of 177 µS/cm (SD 271), between 5-10cm depth.  
Salinity levels at the surface are therefore substantially higher than slightly deeper, with a mean 
twice that of 5 - 10cm depth than 0 -5cm depth, also with a much greater SD for the surface 
samples. The rare extreme levels at 5-10cm depth are present only from scalds. The minimum 
levels are similar at both depths. 
 
Table 5.2 Summary of soil EC data (µS/cm) from depths 0 – 5cm and 5 – 10cm 
Depth (cm) Mean µS/cm SE SD minimum maximum 
0 - 5 348.5 45.4 737.7 20 4450 
5 - 10 177 16.7 271.4 16 2150 
 
 
The highest EC(1:5) taken in the field was 20,100 µS/cm from a scald at Site 1, Transect 1, 
station 3, in summer 2006. If calibrated to a saturated extract (c.f. Marcar et al. 1995), this 
equates to ~201,000 µS/cm ECe, or four times the salinity concentration of sea water (see 
Figure 5.2 and 5.3). Other sites with extreme surface field EC(1:5) levels were all taken from 
scalds and included Site 5 with a maximum of 13,600 µS/cm taken in the field during summer 
2006, Site 2 with 4450 µS/cm, and Site 4 with EC(1:5) 3500 µS/cm, both taken in the lab. Further 
measurements from these stations identified temporal variability which is reported below. Figure  
5.1 also shows that not all sites produced high salinity levels, Sites 6, 7, 8 and 10, indicating 
salinity is not a concern at these particular sites. It can also be seen that Sites 1, 3 and 4, other 
than one or two saline areas, are generally not saline. 
 
The EC of soil samples therefore varied considerably across small spatial scales (Figure 5.1), 
and this often occurred within a small distance across the scald/non-scald boundaries. 
Examples of this are seen at Site 1 Transect 3, where moving between stations 2 (scald) and 3 
(non-scald), levels drop from 2700 µS/cm to 37µS/cm. Similar results occur at Site 1 T4, Site 2 
T6 (2050 to 80 µS/cm), T11 (4450 to 90 µS/cm) and Site 5 T3 and T4.  
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Figure 5.1. Soil EC(1:5) from 0-5cm depth from all 264 stations from the 10 sites (red lines indicate sites, 
shown as site numbers), showing lateral variation within and between sites with very low to extremely 
high salinity values. Note that each EC reading (bar) is 10m minimum distance from the previous. 
 
 
5.3. EC and Patch Type 
The vegetation type, or ‘Patch type’, refers to the Landscape Function Analysis (LFA) technique 
introduced in Sections 4.1 and 4.8 and further dealt with in Chapter 11. It classifies the 
vegetation type, or strata, along the transect, with four levels or indices; 1 = Bare Soil (no 
vegetation), 2 = Sparse Grass; 3 = Dense Grass; and 4 = Treed.  
 
These were recorded along each transect whilst performing the LFA surveys, as described in 
Chapter 11, then, the readings from the survey stations were used in the analyses with the other 
abiotic and biotic metrics collected at the station, including EC. Bare Patches, or areas with no 
vegetation and little or no litter, should have consistently elevated salinity levels, especially 
scalds. Additionally, Treed and Dense Grass Patch types should all have low salinity levels, as it 
is claimed that elevated salinity levels are toxic to native fauna and flora. 
 
The response to vegetation type is important as it is hypothesized that vegetation degradation, 
combined with soil degradation, is a primary cause for elevated salinity levels in these 
landscapes. It is therefore predicted that the type of vegetation, or Patch type, should have a 
marked effect on the surface EC level, as a decline in vegetation should be associated with soil 
degradation and in many cases, increased surface evaporation rates. It is therefore also 
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predicted that all extreme salinity levels should be associated with bare patches, or areas where 
surface evaporation rates are relatively high.  
Scalds are considered by many previous researchers and reports to be bare areas that are 
universally saline due to unusually shallow saline groundwater systems. Scald analyses results 
are presented following Patch type, as Scald is a subset of Bare Soil Patch Type. It is predicted 
that both soil and vegetation attributes will show significant changes between Bare Soil Patch 
Types (scalds) and Dense Grass/ Treed Patches, in addition to low biodiversity levels. 
 
5.3.1. EC and Patch Type Results 
Similarly to the lateral variation, huge variation of EC(1:5) within each Patch type is shown, 
especially the Bare Soil and Sparse Grass Patches. This is shown in Figures 5.2 and 5.3 and 
Table 5.3. A similar response is seen when the sampling depth is increased to 5-10cm, as 
shown in Figure 5.3, however the response is weaker and the extreme surface EC values (0-
5cm) are absent.  
 
 
Figure 5.2. Relationship between surface soil (0-5cm) EC(1:5) and Patch Type from all 10 sites. Note that 
on average, although vegetated Patches have lower EC levels than Bare Patches, many Bare Patches 
also have low levels.  The outliers in Sparse and Dense Grass are due to planted exotic grass species 
and spiny rush (Juncus). 
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Figure 5.3. Relationship between soil (5-10cm) EC(1:5) and Patch Type from all 10 sites. Note that the two 
high readings in Sparse Grass are exotic grasses which have been planted. Note also different EC scale 
to Fig 5.2. 
 
Table 5.3. Table of means and SE for EC(1:5) and Patch Type, at 0-5 and 5-10cm depths. Means are 
significantly different for both depths (P<0.001). 
 Bare Soil Sparse Grass Dense Grass Treed 
 mean SE mean SE mean SE mean SE 
EC 0-5cm 1350 252 301 88 207 57 177 26 
EC 5-10cm 474 80 185 45 145 22 109 10 
 
On average, bare soil patches had significantly higher (p<0.001) surface (0-5 cm) EC readings 
and dense grass and treed patches had significantly lower (p<0.001) EC values (Table 5.3).  
Mean EC levels were substantially less in soil samples taken from 5-10 cm depth, and again 
significantly higher (p<0.001) in bare patches compared to vegetated patches.  
However, bare soil patches were not uniformly saline, nor well vegetated patches uniformly non-
saline. EC levels were highly variable, particularly from Bare Patches and Sparse Grass 
Patches (Figures 5.2 and 5.3). Six (19%) of the bare patches had non-saline surface EC levels 
of <100 µS/cm, and 35% of Bare Soil Patches had only moderate (<600 µS/cm) surface EC 
levels (Table 5.4). When investigating scalds separately, not all have elevated EC levels either, 
with many having salinities considered negligible, with five readings below 100 µS/cm, or 14%, 
and 12 below 500 µS/cm, or one third (32%) of scalds. The salinity levels at the 5-10cm depth 
show even less link to the scald, with 10 readings below 100 µS/cm, or 27%, and 28 readings 
below 500 µS/cm, or 76% of the scald. Those that did have elevated salinity levels also 
exhibited lateral variability across the scald in addition to temporal variability, as reported below. 
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In contrast, all three vegetated patches have a relatively high proportion of surface soils (6-9%) 
with high salinity levels (>600 µS/cm), including areas with Dense Grass and Trees. This 
occurred at half the sites (sites 1, 2, 3, 6 and 9). Some Treed Patches (3%) had very high 
surface EC levels (>1000 µS/cm).  
It can also be seen that 45% of bare areas have salinities >1000 µS/cm and 23% >2000 µS/cm 
(i.e. extreme). If we assume 600 µS/cm as the general threshold level for biota toxicity, then 
much of the biota should accordingly be in a severely stressed state, with 14% of the total 
stations measured considered to be saline and theoretically toxic at the 0-5cm depth. The 
situation should be particularly severe at bare areas, with almost one quarter extremely saline.  
 
Table 5.4. Summary of the number and proportion of Patch types that have surface soil salinity levels 
which are considered; very low salinity (negligible at 100 µS/cm), low salinity (600 µS/cm), high salinity 
(1000-2000 µS/cm) and extreme salinity (>2000 µS/cm), considered toxic to biota, from soil depths 0-5cm 
and 5-10cm.  
Patch Type totals; Bare Soil 31; Sparse Grass 58; Dense Grass 70; Treed 102. 
 EC </=100 µS/cm EC </=600 µS/cm EC >/=1000 µS/cm EC >/=2000 µS/cm 
 0-5cm 5-10cm 0-5cm 5-10cm 0-5cm 5-10cm 0-5cm 5-10cm 
Patch Type No. % No. % No. % No. % No. % No. % No. % No. % 
Bare soil 6 19 5 16 12 35 23 74 14 45 3 10 7 23 0 0 
Sparse Grass 39 67 32 55 53 91 55 95 4 7 2 3 3 5 1 2 
Dense Grass 48 69 48 69 65 93 65 93 2 3 0 0 1 1 0 0 
Treed 55 54 70 69 98 94 102 100 3 3 0 0 0 0 0 0 
Totals 148 57 155 59 228 86 245 94 23 9 5 2 11 4 1 0.004 
 
When surface (0-5cm) EC is plotted against Patch Type, a number of important points are noted;  
1) Bare areas show the most extreme variation of EC levels of all Patch Types, and around 
one third of bare areas have low EC levels indicating that salinity is not a concern at 
many bare areas, including scalds;  
 
2) The highest EC levels are found at bare areas. The extreme values from the other 
Patches are from essentially degraded bare areas with tall wheatgrass which has been 
planted and therefore counted as Sparse Grass, spiny rush (counted as Dense Grass) 
and beneath trees with low foliage cover and apparent health. It is interesting to note 
that the highest value for 5-10cm depth was that found where tall wheatgrass had been 
planted for remediation; not Bare Soil per se. 
 
3) EC levels generally decrease as vegetation cover (Patch type) increases, with most 
vegetated areas rarely having elevated EC levels, especially beneath trees, although 
elevated levels are indeed possible where vegetation occurs, including beneath trees. 
This may be related to the amount of groundcover present beneath the trees, or lack of, 
and the foliage cover and therefore shade from the tree, effectively reducing the soil 
surface evaporation rates and evaporite deposition. 
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5.4. EC Vertical variation 
 
The EC levels were measured down 14 auger holes at the three main sites to investigate 
vertical variation and subsequently, whether EC levels increase down the profile, as should be 
expected if shallow saline groundwater was the cause of the degradation. Alternatively, whether 
evaporites are concentrated at the surface and generally decrease down the profile, especially 
in bare degraded areas (scalds). If elevated salinity levels and associated degradation were a 
response from regional shallow toxic groundwater, the EC levels may be expected to be 
elevated at depth compared to the surface, or at least replicate what is occurring at the surface, 
especially at the bare and scalded areas. 
The vertical variation down the profile is shown in Figures 5.4 and 5.5. Concurring with the 
results shown above, in bare degraded areas, EC levels are often considerably higher at the soil 
surface, sometimes much higher, particularly within the top few centimetres (Figure 5.4). This 
reflects increased surface evaporation rates. In the less degraded vegetated patches, surface 
EC levels are usually low and often increase at the clay B horizon boundary, which is usually 
slightly deeper at vegetated areas than bare areas. (Figure 5.5).  
 
5.5. EC Temporal variation 
 
To investigate temporal variation, soil surface EC(1:5) measurements were taken in the field over 
a 6 month period in 2006 at bare scalded areas at Site 1, Transect 1, station 3 (T1/3) and T3/2, 
and Sites 2 and 5. The location where samples were collected at Site 1 is shown in Figure 5.6. 
Results are shown in Figure 5.7. At this survey station (Site 1 T1/3), EC levels ranged from 200 
µS/cm to 20,100 µS/cm, which is also shown in Figure 5.4a. However, four days after the 
extreme value was taken, following rainfall, the same location reduced to 1400 µS/cm. Five 
days later it was extreme again. Rainfall therefore, had a dramatic immediate effect on surface 
salt concentrations. A similar result also occurred at the same site, different scald, at T3/2 in 
addition to scalds at Sites 2 and 5 (Figure 5,7b,c). These results concur with Barnett (2000), 
Kreeb et al. (1995), Murray (1996) and Semple et al. (1996, 2006) who also found similar 
temporal and spatial heterogeneity at other salt affected sites on the uplands of NSW.  
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d)             e) 
 
f) g) 
Figure 5.4 a - g. Graphs showing soil EC(1:5) and pH(1:5) profile data taken from auger samples from scalds 
(Bare Soil Patch Types) at Sites 1, 2, and 3. Transect (T) and station numbers are shown in the titles. 
Note that the vertical EC scale is not constant between each graph. Some scalds have extreme surface 
salinity levels, others peak at the top of the B horizon (Site 3). 
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b) c) 
 
d) e) 
Figure 5.5 a,b,c,d,e (non-scalds). Graphs showing soil EC(1:5) and pH(1:5) profile data taken from auger 
samples from vegetated, non-scalds, at Sites 1 and 3. Transect (T) and station numbers are shown in the 
titles. Note that the vertical EC scale is not constant. Note also the extreme depth fluctuations. An 
increase in EC and pH at the top of the B horizon is evident (varies in depth depending on the depth of 
the A horizon – usually between 30 and 70cm depth at vegetated areas). Note also the extreme variation 
across sites (i.e. between transects and stations) and the extreme pH levels at Site 3 with an apparent 
relationship with EC as depth increases.  
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Figure 5.6. A Bare Soil Patch, or scald, from Site 1 where measurements for Figure 5.7 were taken, from 
the lower right hand corner, beside the tall wheat grass tussock. This is the location of Transect 1, station 
3 (T1/3). The transect runs down gradient from the photo lower right to upper left corners. Note that this 
scald has formed at the bifurcation of an old vehicle track, with the consequent degradation. This feature 
went unnoticed until investigating Google Earth images later in the research. Note also the meat ant nest 
within the scald and abrupt boundary with the healthy vegetation. 
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Figure 5.7a. EC(1:5) results taken at Site 1 T1/3 (Bare Soil – scald) January to July 2006  at 0-2cm depth 
(soil surface), showing temporal variation. Figure 5.6 shows the exact location of this station where 
samples were taken. Note that reading 2 (1400 µS/cm) was taken 4 days after reading 1 (20,100µS/cm), 
following 14mm rainfall. 
 
 
Figure 5.7b. EC(1:5) results taken at Site 1 T3/2 (Bare Soil – scald) January to February 2006  at 0-2cm 
depth (soil surface), showing temporal variation. 
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Figure 5.7c. EC(1:5) results taken at Site 5 T3/4 (Bare Soil – scald) January to February 2006  at 0-2cm 
depth (soil surface), showing temporal variation. 
 
 
5.6. EC association with degradation  
 
The Pearson correlation coefficient data is presented to show the strength and direction of 
important associations between EC and the other indicators, which are presented individually 
later in this chapter and the other results chapters. In particular, associations are expected to be 
found between soil abiotic and biotic attributes as vegetation and soil degradation levels are 
increased. This should be reflected with the change in Patch Type, moving from Bare Soil 
surfaces to Dense Grass and Trees. The effects on scalds should be more pronounced. As 
elevated EC levels are considered to be a symptom of degradation, it is expected that EC will 
be associated with other typical symptoms described above and below. Table 5.5 summarises 
the correlations for those variants significantly associated (P<0.001 and <0.05) with EC. It is 
important to note the relationship between EC and the EM instruments (ECa) decreases with 
EM measurement depth, the deeper EM measurements (EM31) showing no association with 
EC, as this suggests a surficial cause (i.e. degradation) to the elevated EC levels. 
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Table 5.5. Correlation coefficients for EC, positive and negative (p < 0.001 and 0.05 n=>100) of abiotic 
variants (indicators) when analysed against all variants from all ten sites (n=264).  
V and H = EM Vertical and Horizontal dipoles; S1 and S2 = EM survey seasons 1 and 2 (dry autumn and 
wet spring); H2O2 = reaction when placed on soil surface; Surface = soil surface compaction; Landscape 
Function Analysis indicators - RP = rainsplash protection, PV = perennial vegetation, itter (amount and 
decomposition), Patch = type of vegetation and Slake (soil surface slake); CO2 = bulk soil respiration; 
Pine W = Pine log discs with earthworms; W = total pine and red gum (euc) log disc with earthworms; Log 
Taxa no. = log disc total taxa numbers. 
Abiotic 
variant 
Positive p<0.001 Positive p<0.05 Negative p<0.001 Negative p<0.05 
EC Scald, EM38V S1, 
EM38H S1 & S2, pH 
EM38V S2, 
EM31H S1 & S2 
H2O2, Slake, RP, PV, 
Litter, Patch, CO2 
Log Taxa no., 
Pine W, Worms 
 
 
The regression analysis (see Section 4.6) was employed to run the EC as a factor (ECfac), or 
independent variable, shown in Table 5.6, and also as a response variable against other factors 
(pH and Scald). Importantly, it showed no association with the deeper EM measurements (ECa) 
which is explained in Chapter 6, concurring with the correlation coefficient results in that as 
depth increases, relationships with the surface attributes and the ECa decreases. When 
analysed as a response variable EC was strongly associated with pHfac and Scald. 
 
 
Table 5.6. Summary of the regression analyses when EC was analysed as a factor (ECfac) against other 
variants, showing significant associations (P<0.001 & <0.01). 
 p<0.001 p<0.01 
ECfac 
associations with 
other variants 
H2O2, Slake, pH, EM38H S1 & S2, EM38V 
S1, CO2, Patch, Litter, PV & RP 
Runoff, Scald, EM38V S2 & EM31H 
S1, Toilet rolls, Pine discs Worms, 
Total Worms & Total log Taxa 
 
The results of EC levels on biotic indicators are covered in Chapters 8 to 11.  
 
5.7. Scalds 
Seven of the ten sites had scalds. As scalds are a focus of this research, and can be classified 
as a severely degraded Bare Soil Patch type, scald results are presented here. However, not all 
Bare Soil Patches are scalds and not all scalds are considered Bare Soil Patch types, as some 
scalds can be vegetated, commonly sparsely but sometimes with small dense grass patches.  
 
The variable ‘Scald’ (yes/no) was one of the most correlated of all the variables (Table 5.7) and 
in most cases, had stronger correlations with the biotic and abiotic variables than EC did. 
Similar results were attained with the regression analysis, summarised in Table 5.8. Similarly to 
the correlation coefficients, Scald was not associated with the deeper EM31V readings during 
both seasons (S1 and S2) using the regression analysis, suggesting that the EM31 in vertical 
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mode is of little use for detecting scalds, hence dryland salinity in general. This is discussed 
further in Chapter 6.  
 
 
Table 5.7. Summary of the correlation coefficients for those variants showing a relationship with Scald, 
showing many abiotic and biotic indicators with a strong association, both positive and negative, as 
expected (see Table 5.5 for  description of the indicators. Toilet rolls = termite baits and HCl = reaction 
when HCl applied as drops). 
 P<0.001 P<0.01 P<-0.001 P<-0.01 
Scald EC, all EM38, EM31H S1, 
pH, HCl 
EM31H S2, 
Surface 
H2O2, Slake, RP, PV, Litter, 
Patch, CO2, Pine Worms 
Log Taxa no., 
Worms, Toilet rolls 
 
 
Table 5.8. Regression analysis summary results showing that Scald, when analysed as a factor, is 
associated with most of the other variants, abiotic and biotic. 
 p<0.001 p<0.01 
Variants associated 
with Scald 
Slake, pH, EM38H S1 & S2, EM38V S2, 
EM31H S1, EC, CO2, Patch, Litter, PV & 
RP 
Runoff, H2O2, EM38V S1, EM31H S2, 
Pine discs Worms, Worms Total & 
Log taxa. 
 
 
As no association was found between Scald and the second EM31 survey season (S2) 
following rainfall, any groundwater recharge that occurred following this rainfall did not have any 
effect on deeper conductivity. Therefore, no evidence for groundwater influence on scald 
formation or ongoing condition was found. It follows that the surface degradation causes the 
bare area, increasing the surface evaporation potential and in some cases forming a bare area 
with increased evaporite deposition, hence elevated salinity levels. No evidence was found for 
the process to be vice versa, that is, for the salt to ‘rise’ from beneath, thereby killing the 
vegetation and degrading the soil, leaving a bare scalded area. Considering this and the 
observations mentioned in Chapter 9 such as small scalds within patches of healthy vegetation, 
and larger scalds surrounded by healthy vegetation, evidence suggests that scalding occurs 
from surficial factors. The soil evaporation potential is increased, in other words, a top down 
process, not bottom up as the rising groundwater model stipulates. This is also confirmed from 
the biotic variables being more strongly correlated with Scald than EC as discussed in Chapters 
8 and 9. 
 
5.8. Soil pH 
The limiting effects of pH on both biota and soil are well known. It is likely that in these soils, as 
degradation levels increase, pH levels will also be altered. Previous field results from eastern 
NSW studies indicate that the changes likely to occur will be towards alkalinity rather than 
acidity (e.g. Semple et al. 1996, Murray 1996; Kreeb et al. 1995; Barnett 2000; Wagner 2001).  
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5.8.1. Methodology 
Soil pHw(1:5) measurements were performed in the laboratory on the same samples when the 
EC(1:5) measurements were taken, using a Orion 5 Star pH meter by the Thermo Corporation. 
This provided pH levels for the 264 samples at the two depths (0-5cm and 4-10cm) which could 
be used in the statistical analyses. Measurement were also taken down the auger holes to 
investigate vertical variation. 
 
5.8.2. Soil pH results 
The pH ranged from 3.98 to 10.56 with an average of 5.77 within the top 5cm and 3.94 to 10.81 
with an average of 5.82 within 5-10cm depth. The highest pH measured was 11.13 at Site 3 
within a low lying (swampy/scalded) area at a depth of ~25cm (i.e within the top of the B 
horizon). Many of the scalds exceeded a soil surface (0-5cm depth) pH reading of 9 (i.e. Site 5 - 
10.33, Site 3 - 10.56 and Site 2 - 10.54, which increased to 10.81 at 5-10cm depth) indicating 
extreme alkalinity. These are sometimes termed ‘black alkali’ soils (Chhabra 1996). It was noted 
that when these highly alkaline soil samples were mixed with the 1:5w ratio, the colour of the 
mixture was indeed black, likely due to the dissolving and dispersion of organic matter from the 
high alkaline levels (Chhabra 1996). The exceptions of sites where scalds are present but soil 
surface pH levels were not high were at Site 1 and Site 6, both on quartzose Ordovician 
metasediments. These two sites are acidic to neutral at the surface, with maximum pH values of 
7.78 and 6.16 respectively. However, Site 1 also became more alkaline with depth, with pH 9.17. 
Vertical variation is shown in Figures 5.4 and 5.5. The extreme pH values from the auger 
samples at Site 3 T12/1, Figure 5.4 (i.e. all >10 from 0-80cm depth) may be a consequence of 
the clay B horizon being at just 5cm depth. This supports other soil profile results (Figures 5.4. 
5.5) which indicate that the top of the B horizon, is a zone of increased EC and pH levels. The 
pH from auger samples at Site 1 were generally acidic to neutral in the top 50cm – 80cm of soil, 
which correspond to the A horizons, thereby increasing to between pH 8 and 9 deeper in the 
profile, corresponding to the B horizon (and C horizon?). The increase in pH at the 
topsoil/subsoil (A/B horizon) boundary can be seen at Site 2 and Site 3, where EC and pH 
appear to show a relationship with depth, as both increase and decrease at similar depths. 
However, this relationship does not appear to apply at Site 1, such as at T3/2, where they 
respond oppositely. 
5.9. pH & EC 
As EC levels increase with increased levels of degradation, it should therefore follow that pH 
levels will change accordingly, becoming more alkaline. The results show that this is often the 
case for the surface soil (0-5cm depth), as shown in Figure 5.8, however, alkaline conditions are 
also found where EC levels are low. The situation appears to be more complex at 5-10cm depth 
shown in Figure 5.9, with a bimodal distribution associated with the pH extremes and more 
acidic conditions present at elevated EC levels. The results also show that elevated EC levels 
can have a large range of pH values, from acid to alkaline, and the same occurs at low EC 
levels. Any association between pH and EC is therefore complex. 
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Figure 5.8. Soil surface (0-5cm) pH and EC from all 10 sites, showing extreme EC levels can be 
associated with both acid and alkaline conditions. 
 
 
Figure 5.9. Soil surface (5-10cm) pH and EC from all 10 sites (note the reduced EC scale to Fig 5.8 
above). There appears to be 2 pH levels where EC levels are high, acid and extreme alkali). These 
extremes must be limiting for biota. 
 
5.10. pH & Patch Type 
It is predicted that pH should respond to and show changes with different degradation regimes, 
and from different Patch Type soils. Previous field studies (discussed in Chapter 2) in these 
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landscapes have identified that many of the degraded areas associated with elevated soil 
salinity levels often have alkaline pH levels. Table 5.9 shows that the most alkaline readings 
attained from these Patches at 0-5cm soil depth were from bare soils, however, all vegetated 
Patches have a large range of pH levels, from quite acid to extremely alkaline, and Bare Soil 
Patches can also have acidic soils. Also shown is a general increase in pH values (becoming 
more alkaline) when moving from vegetated to non-vegetated areas, or Trees to Dense and 
Sparse Grass, to Bare Soil. It is also noted that low and high pH levels can be found in all Patch 
types. Table 5.10 also shows this association, with little difference noted between the results 
from the 0-5cm and 5-10cm depths, although the mean values are slightly more alkaline at the 
depth of 5-10cm. The high pH readings for Dense Grass are due to spiny rush growing in the 
scalded area.  
The surface soil pH levels at scalds exhibited the most alkaline samples in addition to also 
showing extreme variability, alkalinity >pH10 to acidic with pH <5 as shown in Figure 5.10. The 
most acidic samples however were collected from healthy appearing grassy woodlands, 
indicating that acidic soils are common. 
 
Table 5.9. Patch Type and soil surface pH from 0-5cm depth analyses showing means and SE. Means 
are higher in Bare Patches than the vegetated Patches and are significantly different (P<0.001). Note 
high variability between all Patches. 
 Bare  Sparse  Dense Tree 
Minimum 4.12 4.15 4.23 3.98 
Maximum 10.56 9.09 9.7 9.33 
Mean 6.9 5.9 5.7 5.4 
SE 0.4 0.15 0.15 0.08 
 
Table 5.10. Patch Type and soil pH from 5-10cm depth showing means and SE and similar variability as 
0-5cm depth within each Patch. Note slightly higher means for each Patch Type. Means are significantly 
different (P<0.001). Note also large variation for all patches. 
 Bare Sparse Dense Treed 
Minimum 4.32 4.26 4.12 3.94 
Maximum 10.81 9.89 10.13 9.86 
Mean 7.05 6.01 5.71 5.39 
SE 0.40 0.19 0.17 0.10 
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Figure 5.10. Soil pH levels from 0-5cm depth from all scalded areas along the transects (scalds) showing 
variation between scalds form all sites. Seven out of the 10 sites had scalds. 
 
5.11. Association of pH with degradation 
The correlation coefficient results for pH are provided in Tables 5.11. A summary of the 
regression analyses is shown in Table 5.12 and indicates that when analysed as a factor, soil 
pHfac was significantly associated (p<0.001) with EC and when analysed as a response 
variable it was significantly associated (p<0.001) with ECfac. These results therefore suggest a 
strong association with elevated pH levels and soil and vegetation degradation. 
 
Table 5.11. Correlation coefficients for pH, positive and negative (p < 0.001 and 0.05) of abiotic variants 
(indicators) when analysed against all variants from all ten sites. See Table 5.5 for terms. 
Abiotic 
variant 
Positive p<0.001 Positive p<0.05 Negative p<0.001 Negative p<0.05 
pH Scald, EC, all EM38, 
EM31V S1, EM31H S1 
& S2, HCl 
Surface H2O2, Slake, RP, PV, 
Litter, Patch,  
CO2, Worms 
 
Table 5.12. A summary of the regression analyses showing pH when analysed as a factor and as a 
response variable (just p<0.001 is shown). 
 p<0.001 
pHfac (as a factor) EC, H2O2, Slake, and PV 
pH (as a response variable) ECfac, and Scald 
 
Problems with the statistical analyses for pH are likely incurred due to the bimodal maximums 
from neutral. An analysis procedure based on degree of ‘alkalinity’ or ‘acidity’, with respect to 
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neutrality, such as deviation from 7, or alternatively, an ‘acidity’ and ‘alkalinity’ index, may attain 
more meaningful results. 
 
5.12. Hydrochloric acid and pH 
All stations were tested with the application of 5 drops of hydrochloric acid onto the soil surface 
to identify carbonates or hydroxides. Of the 264 stations, only 8 produced a reaction and all of 
these were located in the lower, highly degraded areas of two sites, seven of which were from 
Site 2, the other was at Site 3. Most of these samples had alkaline pH levels. Soil analysis in the 
lab for CO3 and HCO3 indicated zero levels to both.  
The reactivity to HCl was also tested on samples of the evaporate material that formed on the 
rock faces in road cuttings following rain. This produced a violent reaction with prolific bubbling. 
It is possible NaOH of KOH may be the cause of the reaction, and if so, would have severe 
effects on the biota. Further work to clarify this is therefore warranted. 
 
5.13. Cations and Anions  
To determine the ion composition, soil cations and anions were measured. The cations and 
anions are responsible for the EC and pH levels. As sodium and chlorine are considered to be 
the major ions responsible for salinity, it is predicted that these two ions will increase 
accordingly with elevated EC levels. It is also predicted that areas affected by degradation 
should exhibit altered concentrations of both cations and anions and these should be associated 
with other variants also consequent to the degradation. These areas may become toxic to biota 
and detrimental to soil structure and productivity generally, particularly elevated Na levels, or 
conversely, depleted and limiting to biota, such as potassium, and/or soil structure, such as 
calcium. As the salts in question are evaporites, it is predicted that chlorine and sodium and 
some of the other cations will commonly occur in excess amounts at degraded bare soil 
locations, whilst Ca should often be in low and in limiting amounts, especially where degradation 
is high and Na levels are elevated. The cation levels were also required to determine the cation 
exchange capacity (hence ESP and SAR). 
 
5.13.1. Soil subsample method 
The selection of 50 soil subsamples were chosen from the entire soil samples collected for 
laboratory analysis. The subsamples included at least 2 samples from every site, one station 
sample minimum from degraded (Bare soil Patch types/scalds) and one station sample 
minimum from less degraded areas (grass/Treed Patches), with EC extremes (high and low) 
and where possible, pH extremes. Four samples from the 5-10cm depth and three samples 
from deeper in the profile from auger holes at 3 sites were also included to investigate vertical 
variations. The total number of samples from each Patch type is;  
Bare Soil  16 
Sparse Grass  7 
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Dense Grass  12 
Treed    12 
 
The total recoverable and exchangeable cations Ca, Mg, K, Na, Al, B and Fe were determined 
on these soil samples. The CEC, SAR and ESP were calculated from this data. The anions Cl, 
Br, F, CO3, NO3, SO4 and PO4 were also measured using the standard techniques. In addition, 
nutrients (N, P), SOC and soil moisture were also measured. These are described in Chapters 
10 and 11. 
As the original cation data was supplied in mg/kg, the following conversion factors were used to 
obtain mequiv/mol which was required to calculate the CEC (and the ESP and SAR). 
Na   value/230 
Ca   value/200 
Mg   value/120 
K   value/390 
 
5.13.2. Cation Results 
The results of the correlation coefficient analyses for the cation and anion levels with EC and 
Scald are shown in Table 5.13. It can be seen that most cation levels are associated with other 
cations and other variants, especially those likely to be associated with degradation. Each is 
mentioned separately in the following sections. 
 
Table 5.13. Summary of 50 soil subsamples cation level analyses showing significant correlations 
(positive and negative) with EC and Scald.  
t = total cations; ex = exchangeable cations; Moisture = air dried moisture, C = organic carbon, Patch = 
Bare Soil, Sparse & Dense Grass and Trees (note that exchangeable cations were analysed on 48 
samples). The p values are divided into columns. 
Variable P values 
 <0.001 <0.05 <-0.001 <-0.05 
EC Na-t, Cl, Br, NO3, SO4, ESP Mg-t, Na-ex, CEC  C 
Scald Na-t, Cl, Br, NO3, SO4, Na-ex, ESP Mg-t, F, K-ex, SAR,  C N, Ca-ex 
 
 
Total recoverable cations 
The results and important aspects for the total recoverable cations from the soil subsamples are 
summarised in Table 5.14. It is evident that sodium, iron and calcium are the main important 
total recoverable cations in these landscapes. No Boron was detected in any of the samples, 
hence may be a limiting trace nutrient for vegetation, and soil biota. 
It is noted that the highest levels of both total recoverable and exchangeable cation levels were 
found at Site 3, Transect 12, Station 1, at 25cm depth, in very heavy, sticky green clay (shallow 
113 
B horizon). This site is situated upslope from a property access track in a drainage channel, 
causing a degraded swampy area to form, hence is associated with this degradation. 
 
Table 5.14. Summary of the total cation important results taken from the 50 soil subsamples.  
Cation Results and comments 
Total 
Sodium 
 
Nine samples in the top 5cm depth, in addition to one other sample at 5-10cm depth, 
registered with ‘none detected’ and all of these were from non-saline (low EC) samples. 
They were also from non-scalded (vegetated) areas. The maximum value attained from all 
50 samples was that from the sample at Site 3 at 25cm depth with 9,659mg/kg.  
The strong associations with many of the other variables indicate Na in these degraded 
landscapes is an important factor. Moreover, the strong associations with F and NO3 and 
to a lesser degree SO4 suggest that these anions are also of considerable importance. It is 
also worth noting the strong negative associations with SOM (H2O2) and Patch, indicating 
that where soils are degraded and bare and low in organic matter, Na levels are elevated.  
Total 
Potassium 
The maximum value attained from the 50 samples was that from the sample at Coffees 
Bridge at 25cm depth, with 3,986mg/kg.  
Total Iron 
 
The maximum value attained from the 50 samples was that from the sample at Site 3 at 
25cm depth, with 33,983mg/kg, approximately three times as much as the other samples. 
Compared to the other total recoverable cations (excluding Al-t), the Fe levels were 
substantially higher, which may be a function of the underlying lithology and will also affect 
the EM readings. 
Total 
Aluminum 
The maximum value overall was attained in the soil sample from 25cm depth at Site 3 with 
48,148mg/kg, more than four times as much as the other samples.  
Total 
Calcium 
A total of 14 out of the 50 samples indicated ‘none detected’, 19 samples in the top 5cm 
depth and five of the seven others from deeper samples. Many of these samples with zero 
levels of Ca-t were from soils with high EC levels and scalded/degraded areas, indicating 
the importance of the application of calcium for soil remediation activities. It is also 
apparent that the levels of Ca-t are often the lowest of the total recoverable cations, 
suggesting that these soils are relatively low in total recoverable Ca 
Total 
Magnesium 
Magnesium levels did not show any obvious relationship with EC, readings ranged from 
416 to 5739mg/kg. The second highest reading was found at Site 3, same location as the 
sample described above. 
 
Exchangeable (Ex) Cations  
It should be noted that only 48 samples were analysed for the exchangeable cations. Results 
are provided in Table 5.15. Similarly to the total recoverable cations, exchangeable sodium, iron 
and calcium are also important,  
 
Table 5.15. Summary of the exchangeable cation results taken from the 50 soil subsamples (only 48 
samples analysed). 
Cation Results and notes 
Ex- Na The maximum level from all samples was from Site 3 at 25cm with 6,420mg/kg, almost twice as 
much as the next highest level. There was ‘none detected’ on four samples, which were a ll 
associated with zero SO4, NO3, Br and Na-t, in addition to low EC levels. The high levels were 
generally associated with zero N and Fe-ex, high pH and EC values and high degrees of slake 
(i.e. Slake = 1), indicating the importance of Na-ex in these situations. 
Ex-Mg There were six samples which had ‘none detected’, two of these from the deeper samples and 
all of which were associated with high EC levels, low organic C levels and in five of the six 
cases, zero N levels. Generally, high levels were associated with high SO4 levels, although this 
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was not always the case. These soils may be deficient in exchangeable magnesium. 
Ex-K The highest level was from the sample at Site 3 at 25cm depth with 623mg/kg. All the samples 
with high levels were associated with high pH levels, in addition to the samples with zero Fe-ex 
and generally low (or zero) levels of Ca-ex. Moreover, the high levels of K-ex were associated 
with high levels of Na-ex and Na-t, suggesting that K-ex may be an important consideration for 
the degraded soils of these landscapes. 
Ex-Fe Fourteen of the 48 samples analysed had ‘none detected’, four of which were from the deeper 
samples. The majority of these samples with zero were generally associated with high EC and 
pH levels, whilst the samples with the higher levels were associated with low EC and neutral 
pH levels. It therefore appears that the increased pH levels in particular are associated with the 
zero amounts of Fe-ex (as indicated by the strong negative correlation with pH). 
Ex-Al There were only eight samples from three sites that registered any Al-ex. Two of these sites 
were Sites 8 and 9 which are adjacent to each other. Site 2 had three samples (out of the six 
taken from there) which had significantly higher levels.  
Ex-Ca Seven of the 48 samples had ‘none detected’, all associated with high EC and pH levels from 
the most degraded, bare, scalded soils from a selection of five sites and three of these were 
from the deeper samples. All the samples with high levels were from soils with low EC and 
neutral pH levels where relatively deep A1 (and A0) horizons were present. Indeed, the sample 
with the highest level was from Site 2, where the highest levels of N and P were also attained, 
in addition to the second highest level of organic C. Thus, it is apparent that Ca-ex is an 
important factor for saline soil remediation in these landscapes. 
The correlations show that Ca depletion is linked to degradation and ‘soil health’, including soil 
organic matter and carbon, plant nutrients and moisture. 
 
The maximum values of most cations at Site 3 in the clay B horizon is located in a low degraded 
swampy area which drains downslope from the adjacent neighbouring sheep farm and 
stockyards, hence the levels may be consequent to farm activities, such as runoff from manure 
and fertilisers, also being restricted by the road acting as a drainage dam. This is also likely to 
be the case with many of the other sites. This had major effects on the EM surveys, which is 
discussed in Chapter 6. 
 
5.13.3. EC and cation results 
According to the degradation model, it is expected that cations will generally increase where 
degradation levels and consequently evaporation rates are high and electrical conductivity 
levels are elevated, especially the elements that form evaporites, Na, K, and Mg. It is also 
predicted that all of the cations should have altered levels associated with these degradation 
levels. The total recoverable and exchangeable cations are shown plotted against EC levels in 
Figures 5.11 and 5.12. 
Figure 5.11a shows the positive relationship between EC and total Na. All low levels of total Na 
are found where EC levels are also low. The other cations, three are shown (Figure 5.1 b-d), 
show no relationship with EC although all show a general decrease in levels as EC is increased. 
However, all EC levels can have low levels of each cation. All soils with high levels of Ca and K 
have relatively low EC levels. It therefore appears that although Ca may be depleted generally 
in the soils of the study region, and at all levels of EC, at high EC levels, it is always depleted. 
This will have a detrimental effect on the soil structure. It also appears that K is in low amounts 
at high EC levels, which is likely to impact biota, especially plants. 
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a)  
               b) 
  
c)              d) 
Figure 5.11 a-d. EC and total recoverable cations, Na, K, Ca, and Fe, (mg/kg) taken from the 
soil subsamples.  
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b)
d) 
Figure 5.12a-d. EC and exchangeable cation levels, Na, K, Ca, and Fe (mg/kg) from the soil subsamples. 
 
Figure 5.12 shows similar results to the total recoverable cations, however, the trends are 
generally not as strong. Although Na-ex shows a slightly positive relationship between cation 
and EC levels, low or zero levels of cations are also found with elevated EC levels, and high Na-
ex levels are found where EC levels are low, suggesting that other cations or anions are 
contributing to the EC effects. K-ex appears to exhibit a bimodal response, which may be from 
historical addition of fertiliser. Ca-ex exhibits a similar response to the total recoverable cations, 
showing that as EC levels increase, Ca-ex decreases, although low Ca-ex levels are found at all 
EC levels. 
The EC is a bulk response to all cations and anions, including sodium and chlorine. Indeed, in 
some cases, complete absence of some cations and anions, as occurs with exchangeable Mg 
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and Ca and total recoverable Ca for instance, may influence EC (i.e. reduce it), in addition to 
inducing deficiencies for biota. Conversely, the ions and salts present can also become toxic 
and impact soils and biota. These include the possible presence of sodium sulphate, potassium 
sulphate, magnesium sulphate, sodium bicarbonate and sodium carbonate (although carbonate 
and bicarbonate were not detected in the soil samples), and calcium chloride, to name a few, all 
of which will be toxic at certain (threshold) levels. The possible presence of NaOH (or KOH) is 
also reported. 
 
5.13.4. Patch Type and cation results 
It is predicted that cations associated with evaporite minerals will predominantly occur in the 
less vegetated Patch Types, Bare Soil and to a lesser degree, Sparse Grass. This should be the 
case particularly for Na, Mg and K, where levels should decrease from Bare Soil to Trees. The 
results of the cations which appear to exhibit a relationship with Patch Type are shown in 
Figures 5.13. Table 5.12 shows the means, SE and SD of these same cations with Patch types. 
The Na-tot and Ca-ex have means that are significantly different (P<0.001). That is, sodium 
increases with bareness, or vegetation decline, whilst calcium behaves oppositely. Potassium 
appears to do both. The extreme values in the Dense and sparse grass from the exotic grasses 
and spiny rush affects the results, hence more significant differences are likely if these were 
excluded from the analyses. 
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c) d) 
Figure 5.13a-d. The total recoverable and exchangeable Na and Ca cations that appear to show a 
relationship with Patch Type, in addition to K ex which is included due to interesting results. Note that low 
levels are found in all Patch Types. Note also different x axis scales. 
 
As vegetation Patch type increases from Bare Soil to Dense Grass and Treed, the Na levels in 
particularly decreases, with all Treed samples having zero or very low Na levels as shown in 
Figure 5.13 and Table 5.16. It should be noted however, that many Bare Soils have low or zero 
levels of both total and exchangeable Na, as do both Sparse and Dense Grasses. 
The Ca behaves in the opposite manner to Na, increasing in levels as Patch type increases 
vegetation, although low levels are also attained in all patch types, not exclusively the Bare 
Soils. High Ca levels can also be found in Dense Grass Patch types and less commonly, 
Sparse Grasses. It can be seen that Ca is likely to be limiting in many situations, and therefore 
require management for productivity outcomes. 
The exchangeable K behaves oddly, as although a negative relationship with Patch type is 
shown in the lower graph, separate high levels are found in the bare soil and grass Patches.  
The results also indicate that levels of potassium, a major plant nutrient, and also Mg and Fe, 
are all low in all Patch types, which suggests that these are deficient and may therefore be 
impacting biota. 
Therefore, it is shown that Bare Soil Patches have different cation levels to the vegetated 
patches, higher in Na and lower in Ca. 
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Table 5.16. Means, SE and SD of the important cations with Patch types. Na-tot and Ca-ex have means 
significantly different (P<0.001). All Bare Soil means are significantly different to the vegetated Patches 
(P<0.001). The extreme values in the Dense and Sparse Grass from the exotic grasses and spiny rush 
affects the results. 
cation Bare Sparse Dense Treed 
 mean SE SD mean SE SD mean SE SD mean SE SD 
Na-ex 846 249 994 105 61 162 374 183 635 49 10 30 
Na-tot 2371 534 2135 587 408 1080 580 286 989 122 30 105 
K-ex 214 62 247 117 67 177 142 58 199 108 21 67 
Ca-ex 56 23 92 231 117 309 429 112 387 876 333 1054 
Ca-tot 164 115 461 260 147 390 590 232 804 811 335 1161 
 
5.13.5. Anion results 
The anions are investigated for the same reasons the cations were, to identify those associated 
with elevated EC levels and to determine toxicities and/or deficiencies for biota. It is likely that 
any levels that are zero will lead to adverse impacts and toxicities may occur. No carbonates or 
bicarbonates were identified in the soil subsamples. 
The correlation coefficient analyses of the anions is provided in Table 5.17 and shows those 
associated with EC levels, namely Cl, Br, NO3 and SO4. The strong correlations with Cl, Br and 
SO4 and Patch Type are investigated below. The results for each anion is summarised in Table 
5.18. The association between Cl and Br is strong, as shown in Figure 5.14. 
Figure 5.15 shows all anions generally increase as EC levels increase, especially Cl, although 
similarly to the cations, anion levels are often zero to low when EC levels are high as well as low 
(e.g. NO3, SO4), and sometimes high when EC levels are low (Cl and Br). It is likely that at high 
EC levels, the soil chemical and physical properties are impacted by the high anion levels, as 
does the biota. Flourine is not shown due to having no relationship with EC.  
 
Table 5.17. Significant correlation coefficients between soil anions and cations and other indicators, 
showing strong associations between many of the anions with Scald and EC. 
Anion P values 
 <0.001 <0.05 <-0.001 <-0.05 
F pH, Al-t, Fe-t, K-t, Mg-t, Na-t, Moisture, 
K-ex, Na-ex, CEC, ESP, SAR 
Scald, NO3, 
ASWAT, Surface 
 Patch 
Cl EC, Scald, Na-t, Br, NO3, SO4  Slake, H2O2, Patch Ca-ex 
Br EC, Scald, Na-t, Cl, NO3, SO4  Slake, H2O2, Patch zero 
NO3 EC, Scald, pH, Na-t, Cl, Br, Al-ex, Na-
ex, ESP, SAR 
K-ex, CEC, ASWAT Slake, H2O2 Patch 
PO4 Ca-t, N, P, C, Moisture, Ca-ex, CEC    
SO4 EC, scald, Na-t, Cl, Br, Mg-ex  Slake, H2O2, Patch  
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Table 5.18. Summary of the anion results, indicating those associated with EC and possible toxicities and 
deficiencies. 
Anion Results and notes 
Fluorine 
 
Nine samples had zero levels, and six of these were from non-saline (low EC) stations. 
All of the zero recordings were from acidic soil samples, the highest being pH 5.34, 
however, this is not consistent as a sample with pH 4.12 did have a relatively high value 
of F. Conversely, most of the high values of F were from alkaline samples. F had the 
highest correlation of all variables with Na-ex, suggesting that F may be important in 
these degraded landscapes. 
Chlorine 
 
Most of the increased values were from those samples with high EC levels. A strong 
association between Cl and Br is apparent where all increased Cl levels are associated 
with all increased levels of Br. This is supported by the 0.922 correlation coefficient (r 
value) between them and R2 of 0.85 (Fig 5.14). Similar to Na-t, Br, NO3 and SO4, Cl is 
strongly associated with EC, Scald, Slake and H2O2, in addition to Patch, indicating that it 
is one of the main players in degraded and salinised soils. 
Bromine 
 
Sixteen samples from the surface 5cm had zero levels, in addition to four other samples 
from deeper in the profile, giving a total of 20 out of the 50 samples. In most cases, these 
were from samples with low EC levels and less degradation. It is apparent that Br is an 
important anion in these landscapes. 
Nitrate 
 
Zero levels were detected on 31 occasions, 26 from the top 5cm of soil, and five from the 
others. Most of these were from samples with low EC levels, and conversely, most of the 
samples with increased NO3 levels were from scalds (hence high correlations). It is 
therefore apparent that NO3 is an important factor in degraded soils in these landscapes. 
Phosphate 
 
There were only four samples from two sites in the top 5cm that registered any PO4, in 
addition to a sample from deeper in the profile, suggesting that PO4 is likely either 
deficient or a minor consideration in the soils from these landscapes.  
Sulphate 
 
There were 25 samples in the top 5cm that had zero levels, in addition to three from the 
deeper samples, with the majority from those with low EC levels and conversely, many of 
the increased levels are associated with high EC levels and bare, scalded areas (hence 
the high correlations with these). Given the strong associations with many of the other 
variants important to the salinised and degraded areas, it is thus shown that SO4 is an 
important anion in the saline soils of these landscapes. Many of the ‘none detected’ 
samples also have low or zero levels of the other anions, Na, F, Br and NO3. This 
indicates that the degraded saline soils generally have increased levels of Na, Cl, Br, 
NO3 and SO4, with decreased levels of organic matter, as discussed in Chapter 10. 
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Figure 5.14. Chlorine and bromine, showing a strong relationship, both evaporites associated with 
degradation and increased evaporation rates. 
 
5.14.6. EC and Anions 
As anions contribute to the EC, their levels are important, in addition to toxicities and 
deficiencies. Similarly to the cations, it is predicted that the anion levels will generally increase 
as the degradation increases and hence EC levels increase. This is also likely to impact both 
soil properties and soil biota. Results are shown in Figure 5.15. 
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c) d) 
Figure 5.15a-d. Important soil subsample anions showing correlations with EC, Cl, Br, NO3 and SO4.  
 
5.13.7. Anions and Patch Type 
Similarly to the cations, it is expected that changed anion levels will be associated with 
degradation and therefore, linked to Patch type. It is predicted that as degradation levels 
increase, or vegetation decreases, most of the anions, particularly Cl, should increase 
accordingly. The levels of the anions may then impact other soil properties, in addition to 
becoming toxic to the soil biota. The results are shown in Figure 5.16 and summarised in Table 
5.19. showing the means, SE and SD of the anions with Patch types. The means for Cl, Br and 
NO3 are significantly different (P<0.001) between Patch types. The two extreme values of SO4 
in Dense Grass and F in Sparse Grass affect the results.  
Figure 5.16 shows a negative relationship with all anions as degradation is increased, that is, 
when moving from Treed and Grassed vegetated areas, to less vegetated Bare Soils, the anion 
levels generally increase. All high values are generally found in the Bare Soils where 
evaporation levels are suspected to be higher than the vegetated patches. These values may 
be toxic to soil biota. It should also be noted the considerable variation of each of the levels in 
each Patch, particularly the less vegetated Bare Soils. 
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e) 
Figure 5.16a-e. Patch types and soil anion levels from the soil subsamples, showing an overall general 
decrease in levels as bareness increases, or vegetation declines. Bare patches also exhibit considerable 
variation. Anions are given as mg/kg. 
 
Table 5.19. Means, SE and SD of the anions with Patch types. The means for Cl, Br and NO3 are 
significantly different (P<0.001). The two extreme points at SO4 in Dense Grass and F in Sparse Grass 
affect the results. 
 Bare Soil Sparse Grass Dense Grass Treed 
 Mean SE SD Mean SE SD Mean SE SD Mean SE SD 
Cl 2750 622 2488 1581 1016 2689 383 227 786 321 155 537 
Br 9.7 2.3 9.0 4.5 3.0 7.9 1.4 0.7 2.3 1.1 0.6 1.9 
NO3 39.0 15.4 61.5 15.4 12.3 32.7 7.2 4.2 14.4 3.3 2.4 8.4 
SO4 880.0 258.8 1035.1 184.0 170.9 452.2 561.9 556.9 1929.1 44.7 40.3 139.5 
F 3.3 0.6 2.4 4.0 2.0 5.3 2.0 0.5 1.6 1.5 0.3 1.2 
 
5.13.8. Correlations of pH with the soil subsamples 
A number of strong correlations between pH and cations and anions are shown in Table 5.20, 
and soil behaviour such as dispersibility (ASWAT) and ESP. The number and strength of 
correlations with pH and the other variants are approximately as many as that yielded with EC, 
and in many cases, are stronger than those with EC. This is the case with ESP (0.858 
compared to 0.474 for EC), SAR (0.622 compared to 0.213), SOC (-0.442 compared to -0.299), 
ASWAT (0.496 compared to 0.227), Surface (0.355 compared to -0.169), exchangeable K 
(0.904 compared to 0.151), exchangeable Fe (-0.489 compared to -0.188) and exchangeable Al 
(0.466 compared to 0.141). The stronger correlations with ESP and SAR than EC was 
unexpected as both measurements are indicators of sodium and thus theoretically, intrinsically 
linked to EC. This result may be due to the presence of NaOH or KOH.  
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Table 5.20. Summary of 50 soil subsamples pH analyses showing significant correlations (positive and 
negative) with variables. t = total cations; ex = exchangeable cations; C = organic carbon. Note that 
exchangeable cations were analysed on 48 samples. The P values are divided into columns.  
Variable P values 
 <0.001 <0.05 <-0.001 <-0.05 
pH Na-t, F, NO3, Al-ex, K-ex, Na-ex, CEC, ESP, SAR Mg-t Fe-ex C 
 
An example of spatial and temporal variation 
To investigate temporal and spatial vertical variation of cations and anions, four samples from 
Site 1, T1/3 and three from T1/4 were taken at different times and depths and analysed. These 
are shown in Table 5.21. It is shown that nearly all parameters are variable temporally and 
spatially.  
Most parameters changed vertically in the profile. To summarise, Cl, Br, NO3, SO4, organic C, 
Ca-ex, Fe-ex and the possible inclusion of N, were all substantially higher at the surface than 
they were at 150cm, pH, Al-t, Fe-t, K-t, Mg-t, F, K-ex, Mg-ex, air dried moisture, Na-ex and CEC 
all increased with depth as compared to the surface and P, ESP and SAR remained fairly 
constant down the profile. EC and Na-t showed that there was little change with depth however; 
the highest EC and Na-t levels at the surface were substantially higher than the level at 150cm 
depth and where surface soils have low EC levels, an increase with depth will occur. 
Furthermore, considerable changes can be seen as one moves from a scalded area (T1/3) to a 
non-scalded area (T1/4) as shown in Table 5.21, despite the distance between the stations 
being only 10m (in actual fact, station 4 is only ~4m from the scald boundary). The differences 
shown are obvious with Mg-t, Na-t, Mg-ex, Na-ex, Cl, Br, NO3, SO4, and CEC all being higher at 
the scald and Ca-ex, Fe-ex, N and organic C all being higher off the scald. 
Additionally, it can also be seen that many of the attributes associated with degradation appear 
to increase in severity during the warmer months, such as EC, Mg-t, Na-t, SO4, Cl, Br and NO3, 
demonstrating the temporal variation. 
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Table 5.21. Soil analyses from 2 survey stations next to each other (i.e. 10m apart) on the same transect 
at Site 1 (T1), station 3, on a scald (Bare Soil) and station 4, beneath trees (but relatively close to a scald) 
sampled at different dates and depths, showing temporal and spatial variation, vertically and laterally. EC 
is measured as EC(1:5). (ECfac – Low, Med, High, Very High, Extreme). Note the different depths (0-5, 
150 and 25cm) 
Station T1/st3 T1/st3 T1/st3 T1/st3 T1/st4 T1/st4 T1/st4 
Patch type BARE SOIL (SCALD) TREED 
Date Jan 06 May 06 July 06 July 06 May 06 July 06 July 06 
Depth cm 0-5 0-5 0-5 150 0-5 0-5 25 
EC µS/cm 5400 200 900 500 100 300 260 
ECfac E M H M L M M 
pH 5.34 4.32 5.82 8.51 5.09 5.30 4.63 
Al t 10087 7109 8930 25187 8024 8505 6504 
Fe t 9774 8941 14741 17460 7684 7029 20773 
K t 796 468 689 1590 638 620 458 
Mg t 2115 1303 1055 4103 677 592 291 
Na t 5164 1372 836 1140 149 152 61 
F 0 0 2.2 15 2.0 1.7 0 
Cl 7967 3666 1161 322 167 169 132 
Br 20 19 4.4 0 0 0 0 
NO3 25 16 15 0 0 0 0 
SO4 3338 933 631 242 0 0 0 
N 46.3 175.6 25.6 0 944.61 465.57 0 
P 165.0 185.5 130.8 103.5 168.59 140.43 91.07 
C%AD 1.1 0.9 0.7 0 2.58 1.70 0.25 
Moist% 1.0 0.9 0.7 2.8 1.18 0.97 0.40 
C%OD 1.1 0.9 0.7 0 2.62 1.72 0.26 
Ca ex 47 30 38 0 211 75 18 
Fe ex 1.9 1.6 1.0 0 4.1 6.6 1.5 
K ex 25.4 11.2 17.9 532.6 67 30 8.3 
Mg ex 778.4 361.3 401.4 1824.6 171 125 30 
Na ex 664.3 124.1 221.7 977.0 61 46 13 
CEC 9.68 3.73 4.55 20.82 2.91 1.69 0.42 
ESP 29.85 14.47 21.20 20.40 9.04 11.83 13.57 
SAR 1.58 0.43 0.72 1.54 0.24 0.24 0.14 
ASWAT 10 11 10 12 11 11 11 
Colour Brown Brown Brown Pale Yellow Brown Brown Light Grey 
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          
5.13.9. Summary: Soil cations and anions 
The inter-relationships between total recoverable and exchangeable cations, anions and 
nutrients is no doubt complex and beyond the scope of this research, however, as they are 
likely to be important for both surficial abiotic and biotic processes, a summary regarding each 
cation and anion is provided in Tables 5.22 and 5.23. Although Boron was not identified in any 
of the 50 samples, it has been previously indicated by Rengasamy 2002, Rengasamy et al. 
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(2003), and Naidu and Rengasamy 1993; as being common in saline soils. It may therefore be a 
deficiency for biota. 
To summarise the cation and anion results with respect to EC and degradation, high EC levels 
are associated with; 
 generally high total Na levels 
 generally high exchangeable Na levels (all zero Na levels are associated with low EC levels) 
 low levels of exchangeable Ca (often zero – all associated with high EC and all high Ca 
levels are associated with low EC levels) 
 high EC levels are sometimes associated with low (often zero) exchangeable Fe levels 
 high EC levels are sometimes associated with high exchangeable K levels 
 often low (commonly zero) exchangeable Mg levels, although high Mg levels are also 
associated with high EC levels 
 high Cl, Br and SO4 anions (all high Cl, Br and SO4 are associated with high EC and nearly 
all zero Br, of which 40% are, are associated with low EC levels)  
 
It is also worth noting that some of the associations with EC are also associated with alkaline 
soils, as shown below, which is likely to present a conundrum for soil dwelling biota. 
 
Table 5.22. Summary of cation analyses of 50 soil samples. “ex” = exchangeable and “total” = total 
recoverable. 
Cation Summary notes 
Boron Results indicate a B deficiency, which concurs with previous work hence, may be a 
significant factor for biota. May be concentrated in subsoil. Further work is warranted. 
(Jackson & Chapman 1975, Dear & Lipsett 1987, Walsh & Beaton 1973; Bell 1999) 
Aluminum Al in certain forms is toxic to plant roots and may influence the uptake of cations due to 
competition at absorption and adsorption sites in the roots. Al-ex was associated with 
extreme alkalinity and acidic conditions (i.e. more soluble), as previously reported. Total Al 
is likely associated with primary minerals (i.e. feldspars, micas, clay minerals). 
(Wright 1989; Delhaize and Ryan 1995) Foy 1984; Ritchie 1989; Menzies et al. 1994; 
Slattery et al. 1999) 
Sodium Na+ is the most strongly correlated cation, generally associated with bare, degraded areas 
(scalds), although this does not indicate cause/effect. Zero Na levels are associated with 
less degraded areas where pH levels <7 and EC(1:5) levels <88 µS/cm (i.e. negligible 
salinity). Consequences may include toxicities to biota, reduced water uptake (osmotic 
effects), imbalances of other cations and anions, increased pH (toxicities), reduced 
aggregate stability and increased dispersion (deflocculation), compaction and crusting, 
reduced porosity, permeability, infiltration and aeration (reduced hydraulic conductivity), 
waterlogging (and toxicities), poor root penetration and reduced microbial activity. Results 
may underestimate Na levels in the less degraded areas due to the depth of elevated Na 
levels in the profile and the shallow sampling depth (0-10cm). Strong correlations with 
Patch, H2O2 and Scald may suggest that it is these factors that cause the elevated Na+ 
levels rather than vice versa.  
As the degraded soils are high in Na (total and exchangeable), have extreme alkalinities, 
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no carbonate present, and are often seasonally waterlogged (impervious B horizons), it is 
possible that the hydroxyl (base) ions are due to the presence of (highly mobile) sodium 
hydroxide (NaOH) or potassium hydroxide (KOH). The tot recov cations, Al3+, Fe2+, K+ and 
Mg2+ often exceed the tot recov Na+ values, in fact Al3+ and Fe2+ always exceed Na+, 
sometimes by more than ten times.  
The efflorescent salts seen on the ground surface sometimes at the sites and the surfaces 
of rock outcrops in road cuttings following rainfall are likely to contain many complex salts 
including sodium-bicarbonate, magnesium-sulphate, calcium-sulphate and NaCl. The 
undue emphasis and assumption that all salt, which includes saline groundwaters, being 
NaCl rich, is misleading. The origin of these salts is also problematic, as cyclical salts 
alone cannot adequately explain why some waters are magnesium rich (Mg dominated); 
which is more likely to be the product of water-rock interaction and rock weathering.  
(Szabolcs 1969, 1989; Northcote and Skene 1972; Gupta and Abrol 1990; Chartres 1993; 
So and Aylmore 1993; Naidu and Rengasamy 1993; McKenzie et al. 1993; Sumner 1993; 
Jayawardane and Chan 1994; Cook and Muller 1997; Moore 1998; Sumner and Naidu 
1998; Rengasamy and Bourne 1997; Rengasamy and Sumner 1998) 
Magnesium The common occurrence of elevated levels of Mg2+ in the soil may be limiting plants, as it 
causes similar effects to the soil physical behaviour as elevated Na levels and is one of 
the most toxic and harmful agents to plants. When combined with Na+, Mg2+ can 
exacerbate the adverse effects of the Na+, such as increasing dispersion. Mg2+-ex 
commonly far exceeds the levels of Ca2+-ex, sometimes by >10 times, having associated 
adverse consequences to both soil properties and plants. As Mg2+ is leached relatively 
easily from the soil, it is generally abundant in depressions or areas with poor drainage. All 
six zero readings of Mg2+-ex are associated with high pH levels (>9.7 pH). As magnesium 
is an essential plant nutrient and is a constituent of chlorophyll, a deficiency will cause 
serious problems for plants.  
(Proctor 1971; Szabolcs 1989; Edwards 1998; Aitken and Scott 1999) 
Potassium K+ deficiencies in Australian agricultural soils have long been recognized, including the 
soils of the STNSW (Strang 1963; Spencer and Govaars 1982; Gourley 1999). A majority 
of the soils may be K+ deficient, with almost half the samples tested containing <50mg/kg 
ex-K+, and of this, it is only the K+ in soil solution which is available to plants (Edwards 
1998; Gourley 1999). This is likely to have immediate adverse implications for vegetation, 
K+ being a major plant nutrient, essential for many processes, including photosynthesis, 
translocation, cellulose formation, cation-anion balance, plant turgor and stomata 
regulation (Marschner 1986; Edwards 1998). Plants deficient in K+ cannot use other 
nutrients and water efficiently, are less tolerant of stresses such as drought and 
waterlogging (and salinity) and less resistant to pests and diseases (Edwards 1998).  Most 
of the tot recov-K+ is unavailable to plants and constitutes the parent material such as 
primary and secondary soil minerals (e.g. feldspars, micas and clay minerals). The 
availability of K+ for plant uptake is also strongly influenced by the amount of organic 
material in the soil, and other soil (i.e. correlation r value 0.904 with pH and ex K+) and 
plant physiology factors (Williams and Donald 1957; Barber 1985; Haby et al. 1990). The 
high levels of ex-K at degraded areas may be due to a lack of vegetation to uptake it. It 
could also be associated with KOH, a strong base, or KCl (sylvite), which has a similar 
solubility to halite. Further investigation is therefore warranted. The amounts of ex-K+ and 
particularly Mg2+ often exceed the amounts of ex Na+ in the samples from the degraded 
areas. It is also evident that elevated ex-K+ levels are associated with elevated ex-Na+ 
levels (K+ is roughly equivalent to Na+ in terms of its effects on soil structural stability). The 
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differences in flocculation potential between the two is small (flocculation power of Na+ is 1 
and K+ is 1.7), hence, ignoring K+ as a major factor and simply applying the SAR to infer 
structural stability is misleading. This also has implications for the ESP (Smiles 2006). 
Conversely,  it is also reported that alkali soils high in ex-K+ have better physical properties 
and are easier to reclaim than other alkali soils containing similar amounts of ex-Na+ but 
low amounts of ex-K+. As there is little information on the effects of K+ on soil structure in 
the literature, further investigations are warranted, including research investigating the 
Potassium Absorption Ratio (KAR) (Smiles & Smith 2004). 
Calcium Ca2+ is an essential plant macronutrient and is rarely deficient in Australian soils (Bruce 
1999), however, the ex-Ca2+ levels are generally low, with seven samples (14%) with zero 
levels, all associated with alkaline soils, and 24 samples (48%) with zero tot recov-Ca2+ 
levels, which accounts for the generally low ex-Ca2+ levels. The strong correlations with 
Patch, Organic C, N and H2O2 are likely due to the decay of organic matter, with the 
highest ex-Ca2+ values associated with the most undisturbed soil profiles (i.e. with 
relatively thick A0 and A1 horizons and high SOC and N values). Similarly, ex-Ca2+ is the 
only ex cation negatively correlated with EC levels, suggesting that Ca addition is required 
as EC levels increase. As ex-Na+ exceeds ex-Ca2+ on 21 occasions, and ex-Mg2+ exceeds 
ex-Ca2+ 24 times, most of which are associated with elevated salinities and/or alkaline pH 
levels, hence, Ca2+ deficiency is associated with soil degradation in these landscapes. 
This will also adversely impact the soil structure and aggregate behavior, as shown by the 
strong correlations with Slake, dispersibility (ASWAT) and Scald. Ca addition is therefore 
required to improve the soil structure (i.e. enhancing aggregate stability and flocculating 
power, porosity, permeability, aeration, infiltration and plant root penetration), as the 
flocculating power of Ca2+ is approximately 43 times that of Na+ (Sumner and Naidu 1998). 
The most appropriate application is the use of gypsum, as the soil analyses indicate that 
CO3 is absent, (H2SO4 not recommended), combined with organic matter incorporation. 
Iron Fe2+ is an essential micronutrient and is required by plants for many important functions 
(Brennan 1998, McFarlane 1999). Ferric oxides and their hydrates markedly influence 
chemical and physical properties of soils (McFarlane 1999). This was shown with the 
strong correlations with tot recov iron and SAR, CEC, tot recov K+ and Mg2+, F and ex-Na+ 
and ex iron with Organic C, N, Slake, ESP, dispersibility (ASWAT), tot recov-K+ and Na+; 
and ex-K+ and Na+. Iron was the most abundant tot recov cation on all but 19 occasions, 
where Al exceeded, these two cations combined often totaling between 4 and 10 times the 
levels of the other four cations combined. The 14 samples with zero levels of ex iron 
(which are generally associated with low SOC levels and alkaline pH and/or elevated EC 
levels), indicate some of the soils are iron deficient, therefore having implications for plant 
growth, such as iron chlorosis (and dieback) (Chaney 1984). Iron exists in the soil as both 
ferric (Fe3+) and ferrous (Fe2+) cations, the Fe2+ being the soluble form that plants utilise 
which can reach toxic levels for plants (Brennan 1998; Genon et al. 1994a,b). Land 
degradation issues such as plinthite formation, acid sulphate soils and ferrolysis are 
associated with iron levels (Gardner and Hindhaugh 1994; Bigham 1996). Lee (1980) 
discusses ferrolysis and consequent soil structure decline on the NSW tablelands. It is 
therefore apparent that iron is an important factor for soil degradation processes and 
possibly biota in these landscapes. 
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Table 5.23. Summary of anion analyses of 50 soil samples. “ex” = exchangeable and “tot recov” = total 
recoverable. 
Anions Summary 
Chlorine Chlorine in high levels is toxic to plants (Kovda 1961), although, it is one of the most 
prevalent anions present in plants (Foth and Turk 1972). Due to its continued addition from 
atmospheric sources and its high solubility, it is the dominant anion in salinised soils although 
sulphate exceeded it in 3 samples. All samples analysed with extreme Cl levels are 
associated with elevated EC levels (0.898 - the strongest correlation with EC) and also strong 
correlations with the other soluble anions (0.922 with Br-) and Scald. The chlorine ion, being 
negatively charged, is not absorbed by soil minerals, hence, is often lost by leaching and is 
generally rapidly cycled through the landscape (Szabolcs 1989). However, the effects of 
increased evaporative processes at bare degraded areas, combined with poorly drained soils 
that also receive runoff (and lateral interflow) from higher areas, causes increased 
concentrations at the soil surface (Walsh and Beaton 1973). The strong negative correlations 
with Patch and H2O2 and positive correlations with Scald and the other anions further 
supports that Cl accumulates where the evaporation potentiality is high (i.e. it is an 
evaporite). MgCl2 is common in highly saline soils, it can accumulate in large quantities, and 
has a high solubility, hence, is toxic to plants (Szabolcs 1989). KCl (sylvite) is also very 
soluble but generally requires aridity to form (Raup 1970). 
Bromine Although the amounts of Br- are not in the same excess as Cl-, it cannot be ignored, as it has 
been shown that it is toxic to cattle (Owens et al. 1985) and invertebrates and amphibians 
(Flury and Papritz 1993). It is also taken up by plants and stored with symptoms similar to 
salt toxicity; necrosis of the tips and edges of leaves, chlorosis and shriveling of leaves, poor 
germination and slowed growth. The Br- content of soils has been reported to be positively 
correlated with the content of organic matter (Yamada 1968; Wilkes 1978; Maw and Kempton 
1982; Gerritse and George 1988; Flury and Papritz 1993).  
Fluoride F is the most phytotoxic of the common air pollutants and accumulates in plants (Weinstein 
and Alscher-Herman 1982), which can result in fluorosis in cattle and game through ingestion 
of the plant material (Arnesan 1997). Although F had strong correlations with a number of the 
other variants, the actual levels at the soil surface are not considered high. Reduced uptake 
of base cations may be a secondary effect of elevated F levels Wienstein and Alscher-
Herman (1982).  
Sulphate Sulphate and chloride are the two dominant factors responsible for saline soils (Szabolcs 
1998). The strong correlation with ex-Mg2+ suggests that MgSO4 (epsomite) may be present, 
which is highly soluble and mobile and together with NaCl, is often the most common 
component of saline soils (Szabolcs 1989). It is generally a weathering product from volcanic 
and sedimentary rock minerals, and always accumulates with other soluble salts (Szabolcs 
1989). It is very toxic to plants, 2-3 times more so than Na2SO4, which forms white powdery 
thenardite on rock surfaces once dehydrated. Sulphate can also be present with Al and Fe, 
which are also both toxic, although they generally form in acidic environments (Szabolcs 
1989). The levels of SO4 are elevated at most of the degraded and scalded areas but absent 
in 28 of the less degraded samples, indicating that it is associated with soil degradation. 
Moreover, not all samples with elevated EC levels are associated with SO4 and many of the 
alkaline samples are associated with its presence, hence, is not exclusively linked to acidic 
conditions. 
Nitrate Nitrate is often associated with Na+ and Mg2+ in more arid environments (Toth and Turk 
1975). It often has a biological origin (nitrification) and is not toxic to plants, although it can 
exacerbate degraded and salinised conditions if allowed to accumulate (Szabolcs 1998). 
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Nitrification proceeds fastest when pH levels are alkaline (Mason 1998). The association with 
Patch and SOM (H2O2,) in addition to EC, and Scald support this. If production is mainly from 
soil biota, transportation must occur into the scalds and degraded areas that are relatively 
low in soil microbial activity (Chapter 10), by water, and the negative correlation with Patch 
and H2O2 suggests that it is actually depleted in the grassed and treed areas. Nitrate can be 
lost from the soil by denitrification in anaerobic conditions (Stefanson 1972a,b), such as 
those associated with seasonal waterlogging, which occurs in the lower areas of the sites. 
 
5.14. Discussion pH 
Due to the obvious major influences that extreme pH, both acid and alkaline, has on soil 
physical, chemical and biological factors, it is likely to be one of the predominant issues in these 
degraded environments, especially for plant survival and persistence. The important negative 
impacts that extreme pH (low and high) has on the availability of nutrients and the increased 
concentrations of other cations and anions is well known (Foth and Turk 1975). Although these 
factors are a consequence of the altered pH levels, the changes are a consequence, or a 
symptom of, on-site soil and vegetation degradation. The extreme pH levels at the surface 
however, were rare, only occurring at three sites, Sites 2, 3 and 5, in the highly degraded areas. 
This may suggest that germinating seeds at least, do not have to contend with these adverse 
surficial pH levels. The plants surrounding the areas with high deeper level pH do not appear to 
be impacted in any way, suggesting that they are either adapted to the levels, or the toxic levels 
decrease within short distances and are therefore not a problem to the plants. 
To summarise, high (alkaline) soil pH levels are associated with; 
 very low amounts of soil organic Carbon 
 generally very high - extreme levels of Na-t and extreme levels of exchangeable Na 
 high (extreme) levels of exchangeable K 
 low (usually zero) levels of exchangeable Fe 
 generally low (often zero) levels of exchangeable Ca 
 generally low (often zero) levels of exchangeable Mg 
 often high levels of total Mg 
 3 samples with very high exchangeable Al 
 often high levels of F 
 Generally high levels of Br, Cl, NO3 and sometimes SO4 
 high levels of dispersibility (ASWAT all samples greater than pH 5.5 ≥10) 
 extreme ESP levels and high SAR levels 
 
It is interesting to note that the highest pH reading taken at Site 3 at 25cm depth (pH 11.1) with 
the most extreme cation and anion levels, was arguably the heaviest clay to auger at all sites 
and was relatively shallow at about 20cm depth. 
It is also possible that the extreme pH levels are due to NaOH or KOH, both highly soluble and 
very toxic. Both Na and K are readily available as shown by their predominance at high pH 
levels. Further work is therefore required to investigate these unusually high soil pH levels. 
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5.15. CEC, ESP and SAR  
5.15.1. Introduction and methodologies 
The Cation Exchange Capacity – CEC 
The Cation Exchange Capacity of soils (CEC) is generally measured by the cation yield of the 
soil through extraction with an ammonium acetate solution, but is also a measure of the surface 
negative charge, in addition to the potential for cation adsorption (Mirsal 2004). Its value 
depends largely on organic material and clay content of the soil as well as acidity and clay 
mineralogy (Mirsal 2004). The CEC is likely to be an important factor affecting the EM readings 
due to the effect of the mineral composition of clay, which may differ from salinised and non 
salinised areas. Spichak and Manzella (2008) conclude that in clay-rich rocks and where the 
pore water has low salinity, the bulk apparent electrical conductivity (ECa) of the rock is 
proportional to the CEC of the clays. Calculating the CEC should facilitate this understanding by 
quantitatively measuring the amount of cations present on the clay surfaces. McBride et al. 
(1990) identified strong correlations with simple linear regressions linked to forest productivity, 
between ECa with ECe, exchangeable Ca and Mg, and CEC. Additionally, a strong correlation 
is expected between SOC and CEC, due to the significant contribution the humus fraction of 
SOC (SOM) makes on the CEC (Baldcock and Skjemstad 1999; Wolf and Wagner 2005). Wolf 
and Wagner (2005) indicate that SOM can increase the CEC by 20 - 80%. CEC will be 
expressed as meq/100g of soil. 
The Exchangeable Sodium Percentage – ESP 
 
Sodic soils are common across southern Australia (Northcote 1984; Gunn 1985; Charman and 
Murphy 1993; Isbell 1996; Rengasamy 1998; Naidu and Sumner 1998) including the Southern 
Tablelands of NSW, particularly along the depressions and lower slopes (van Dijk 1969; 
Wagner 2001). The main characteristic of clay governing the susceptibility to dispersion is the 
quantity of adsorbed sodium cation on the clay surface (exchange complex) relative to the 
quantities of the other main cations, usually magnesium and calcium (Charman and Murphy 
1993). Sodic soils contain high levels of sodium on and within the clay platelets, which swell and 
disperse (due to their large size) when wet. An additional factor governing susceptibility to 
dispersion is the total content of dissolved salts in the water. It is predicted that ESP will be 
strongly associated with other variants symptomatic to degradation. 
The traditional method of measuring sodic soils is to use the Exchangeable Sodium Percentage 
(ESP). ESP is conventionally defined as exchangeable sodium expressed as a percentage of 
the cation exchange capacity (CEC), usually determined at pH 7 or 8.5. Since a review by 
Northcote and Skene (1972), an ESP of 6 has been widely used in Australia as a critical limit for 
the adverse effects of sodicity (Northcote and Skene 1972; Isbell 1996). The effect of ESP on 
the behaviour such as dispersion is also influenced by other soil properties such as organic 
matter content, clay mineralogy, cation composition, sesquioxide content, and particularly 
electrolyte concentration of the soil and of any applied irrigation water (Isbell 1996). This is 
determined from the following relation; 
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ESP = (100 x exchangeable Na) 
               CEC 
Where CEC =  (exchangeable Ca + Mg + K + Na + Al) 
An extensive body of information has been accumulated concerning the distribution of 
exchangeable cations on mixed Na+ - Ca2+ soils (e.g. Northcote and Skene 1972; Lindsay 1979; 
Rengasamy and Olsson 1991; Rengasamy et al. 1984, 1993, 2003; Rengasamy and Sumner 
1998; Isbell 1995; So and Aylmore 1995; Sumner and Naidu 1998). However, Sumner (1995) 
indicates that there is no generally accepted definition of a sodic soil, as problems associated 
with the use of cation exchange capacity (CEC), or the sum of the exchangeable cations (Ca + 
Mg + K + Na) as the denominator in calculating the ESP, has caused confusion (Rengasamy et 
al. 1984; Isbell 1995; Sumner 1995). Sumner (1995) also points out, that the further the pH of 
the soil is from that which the CEC is measured, the greater will be the difference in the two 
forms expressing ESP (i.e. highly alkaline/acidic soils). This has subsequently instrumented in 
the sodium absorption ratio (SAR) being used rather than the ESP to describe sodic soils 
(Sumner 1995), hence SAR values will also be calculated. 
Sodium Absorption Ratio - SAR  
In addition to the total salinity (osmotic) hazard of a soil solution and its affects to plants and soil 
biota, soil structure and soil permeability, the tendency of the solution to produce excessive 
exchangeable sodium must also be considered. The Sodium Absorption Ratio (SAR) expresses 
the relationship between sodium content and calcium plus magnesium contents. This ratio 
reflects the amounts of sodium adsorbed onto clay and soil organic matter exchange surfaces, 
hence the potential for flocculation or dispersion processes within the soil (Quirk 1978; Keren 
1996, 2000). These processes influence such things as the hydraulic properties of the soil, crust 
formation, runoff generation and soil erosion (Agassi et al. 1981; Lavee et al. 1991). When the 
SAR exceeds 12-15 serious physical soil problems arise resulting in serious impacts to plants, 
especially regarding soil water uptake (Munshower 1994). The SAR is determined from the 
exchangeable cation measurements and is defined by the relation: 
SAR = [Na+] / [(Ca2+ + Mg2+) / 2]1/2          (Where all concentrations are in meq/l.) 
Rayment and Higginson (1992) describe three methods to calculate SAR. These are the 
‘calculated SAR’, the ‘adjusted SAR’ (Ayers and Westcot 1976; Frenkel 1984) and the ‘effective 
SAR’. The method adopted depends upon the amount of carbonate and bicarbonate in the soils, 
as Ca2+ and Mg2+ will form insoluble precipitates, and will thus be ‘lost’, effectively increasing the 
relative proportion of Na+. The use of ‘adjusted SAR’ or ‘effective SAR’ can reduce this limitation 
(Rayment and Higginson 1992). Therefore, the carbonate measurements were performed prior 
to calculating the adjusted SAR. 
 
5.15.2. CEC, ESP and SAR results 
Soil degradation leads to soil organic matter decline which leads to reduced CEC, resulting in 
weakening of nutrient retention and supply capacity as well as water retention capacity of the 
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soil (R Lal 1996). It is therefore predicted that CEC will decrease from vegetated patches to 
bare patches. Conversely, ESP and SAR should increase in bare patches as compared to 
vegetated patches. 
CEC  
It should be noted that strong correlations with ESP, SAR, and the exchangeable cations; Ca, 
Mg, K and Na are ignored due to the intrinsic relationship with the calculations. 
The CEC within the top 5 cm ranged from 0.709 to 28.126, with an average of 7.148 (42 
samples) and similar when the six other deeper samples were included (mean = 7.4, SE = 9.98, 
SD = 6.8). Many of the soil samples are in the ‘very low’ (<6) and ‘low’ (6-12) range. The highest 
CEC attained was that at 25cm depth at Site 3 with 30.484 from greenish, heavy sticky clay, 
although according to Australian standards, this is considered just ‘High’, not ‘Very High’ (25-40 
= High; >40 = Very High). This is one reason why Site 3 had the highest ECa readings, which 
will be discussed further in the following chapter. 
No relationship was identified between CEC and EC and Figure 5.17 also shows little 
relationship between pH with CEC, although the two highest readings are found where pH 
levels are alkaline and lowest CEC levels are found in acidic soils (<pH 6). 
 
 
Figure 5.17. pH and CEC from the soil subsamples from all of the sites, showing a slight increasing 
association, where low pH levels usually have low CEC levels and high pH levels have low to high CEC 
levels. 
 
Patch Type and CEC 
It is predicted that CEC will decrease with a decrease in vegetation, such that Bare Soil Patch 
Types will have significantly lower CEC than Treed and Dense Grass Patch Types. This should 
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be associated with soil organic matter content. However, Table 5.24 shows no relationship 
exists between the CEC levels and Patch Type. 
 
Table 5.24. Patch type and CEC means SE and SD. The differences between Patch types are not 
significantly different. 
 Bare Soil Sparse Grass Dense Grass Treed 
 mean SE SD mean SE SD mean SE SD mean SE SD 
CEC 7.05 0.99 3.95 4.25 1.37 3.62 7.04 2.26 7.82 7.83 1.91 6.02 
 
ESP 
The ESP within the top 5cm ranged from 0 to 92.6% with an average of 21.9 (SE 3.9, SD = 
26.7). The reading of zero is due to 0 ex-Na. A number of extreme values (strongly sodic >15%) 
were recorded (>80 ESP) which were associated with high EC levels (although Na is a factor of 
the ESP). A weak relationship is shown between EC and ESP in Figure 5.18, although low EC 
levels can have high ESP and high EC levels can have low ESP. Figures 5.19 show the 
relationship of ESP with pH, suggesting that pH has a greater effect on ESP than EC does, in 
addition to exhibiting a much stronger association (correlation) with pH than EC.  
Sodic soils are those considered 6-14%, thus most of these soils are strongly sodic and 
therefore dispersible and erodible. The results indicate that the increased sodicity is also 
associated with NO3, F, Cl, Br, Al-ex, which is also likely to be associated with reduced amount 
of soil organic material. Strong correlations with both ASWAT and Slake (and Scald and Patch) 
indicate the increased erosion potential at bare, degraded sites, especially scalds. 
Although the critical values for the sodicity of ESP are subject to problems and are therefore 
arguable (e.g. Rengasamy and Olsson 1991; Sumner 1993), many of the samples analysed 
were well above these critical values mentioned in the literature, indeed, 19 of the 48 samples 
measured had an ESP >20%, 7 of which were >60% and two >90%, all from the scalds. If we 
take an ESP value of 6% as an approximate critical value (Rengasamy and Churchman 1999) 
then 30 of the 48 samples are included, indicating the prevalence and importance of Na+ in 
these landscapes, especially at scalds. Soils from the vegetated areas had four samples with 
zero values, and seven with an ESP <2, indicating the importance of ESP in degradation 
processes at these sites 
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Figure 5.18. Soil EC and ESP from the soil subsamples, showing a weak relationship. 
 
 
Figure 5.19. Soil pH and ESP from the soil subsamples showing an interesting sigmoidal relationship, 
decreasing ESP at pH8, and increasing exponentially from pH9. 
 
Patch Type and ESP 
It is predicted that exchangeable sodium percentage (ESP) will increase in Bare Patch Types 
compared to Treed and Dense Grass Patch Types, due to the presence of sodium.  
This was the case as shown in Table 5.25, with the ESP significantly higher in Bare Soils than 
the vegetated Patch types. 
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Table 5.25. Patch type and ESP means SE and SD. The means between Patch Types are significantly 
different (P<0.001). 
 Bare soil Sparse grass Dense grass treed 
 mean SE SD mean SE SD mean SE SD mean SE SD 
ESP 40.66 7.49 29.98 8.96 3.42 9.04 14.16 5.50 19.06 4.35 1.22 3.85 
 
SAR results 
The SAR in the top 5cm ranged from 0 to 6.33 with an average of 0.79 (SE = 0.2, SD = 1.3). 
The zero reading is due to 0 ex-Na. A SAR of 40.0 was recorded at 25cm depth at Site 3 in the 
degraded area but this was excluded from the analyses as it was more than 5 times and in 
many cases much more than the other values. Six of the samples received no SAR due to 
either zero levels of calcium and magnesium, not allowing calculation, and the zero level of 
sodium doing the same. Therefore, only 44 samples had SAR calculated. 
As the threshold for saline and/or sodic soils is given a value of 13, all samples except one, 
stated above, are considered to be well below this threshold. It was interesting that no 
correlation with SAR and EC was shown, in addition, the correlation with Scald was also 
relatively low (0.289). The strong association with F confirms that F may be an important factor 
in these soils. 
Figures 5.20 and 5.21 show the relationship of SAR with EC and pH and, suggests that pH has 
a greater effect on SAR than EC does. A stronger association also appears to exist with pH than 
EC.  
 
 
Figure 5.20. Soil surface (0-5cm) EC with the SAR values calculated from the soil subsamples, showing 
no relationship, although the highest SAR values are found < ~500µS/cm.  
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Figure 5.21. Soil SAR with pH from all subsamples showing a strong relationship (although the extreme 
reading of 40.0 taken from 25cm depth at Site 3 is excluded due to its difference in amount and also 
depth). 
 
As only four samples had a SAR value >2, with four samples giving a reading of zero due to 
zero Ca2+ and Mg2+, and with a stronger association with pH than EC, it may suggest the 
importance of K+ in these landscapes. However, although EC was not correlated with SAR, both 
total recoverable and exchangeable Na+ did produce correlation coefficients, as did K+. Further 
discussion of SAR is found in Tables 5.22 and 5.23 under each cation and anion. 
 
Patch Type and SAR 
It is predicted that SAR should increase in Bare Patch Types as compared to Treed and Dense 
Grass Patch Types. Although it is shown that on average, the SAR values are indeed higher in 
the Bare Soil Patch Types than the three other patches, and the mean SAR for Treed patches is 
lower than the other three patch types, the means of the four Patch types are not significantly 
different (Table 5.26). 
 
Table 5.26. Patch type and SAR means SE and SD. The means are not significantly different. 
 Bare soil Sparse grass Dense grass Treed 
 mean SE SD mean SE SD mean SE SD mean SE SD 
SAR 1.40 0.49 1.70 0.30 0.14 0.36 0.97 0.47 1.63 0.13 0.03 0.09 
 
5.16. Summary 
The initial task for this chapter was to present the soil electrical conductivity results to provide 
the range of levels required to investigate the effects of the elevated levels on the other 
indicators, or measurements. It is shown that soil EC levels in these landscapes are generally 
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insignificant except for at Bare Soil Patches, or scalds. However, 9% of the vegetated Patches 
measured have surface soil EC levels >600µS/cm. Bare Soil Patch Types had 19% with 
negligible salinity levels (<100µS/cm), 14% of scalds, and one third have low salinity levels 
(<600µS/cm). At 5-10cm soil depth, three quarters of the scalds have low salinity levels 
(<600µS/cm). Therefore, it is unlikely that elevated salinity levels was the predominant cause of 
the scald, or influencing the ongoing bareness (degradation). The elevated EC levels are highly 
variable, both vertically and laterally, and also temporally, ranging from almost zero to extreme 
levels (>10,000 µS/cm) over small (meters) distances and from ~20,000 µS/cm to ~1400 µS/cm 
in a few days following rainfall. The EC levels are generally highest at the surface, especially at 
scalds, with mean EC levels of ~350µS/cm at 0-5cm depth and ~180µS/cm at 5-10cm from all 
soil samples. The EC levels often increase at the contact between the A and B soil horizons. 
The EC levels therefore generally increase as vegetation decreases, or as bareness increases.  
A similar result is shown with the soil pH levels, which ranged from less than pH4 to greater 
than pH10, are highly variable over small distances and on average, alkalinity is associated with 
bareness. Levels are often higher at the surface at the Bare Soil Patches but similarly to the EC 
levels, also often increase in levels at the contact between the A and B horizons.  
Cation and anion levels are also associated with EC, Patch Types and levels of degradation, 
forming surficially as salts from increased soil surface evaporation. These include Na, Ca, Fe, Cl, 
Br, SO4 and NO3. In particular, sodium levels commonly increase with bareness, causing both 
sodic and saline problems, and calcium (and often Fe) levels, decrease with bareness and 
increased degradation. All anion levels generally increase with bareness, with Cl and Br strongly 
associated. Cations and anions can also often be deficient and limiting, in addition to possibly 
being toxic to biota.  
The results provide evidence which suggests that the Bare Soil Patches and degraded areas in 
these landscapes are due to surficial degradation, or a surface, top down process. No evidence 
was found indicating that the problems are caused from shallow toxic groundwater. 
The following results chapter will investigate the apparent electrical conductivity (ECa) of the soil 
profile using EM geophysical instruments, considered to be surrogate measures for soil salinity. 
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CHAPTER 6 
 
GEOPHYSICS – ELECTROMAGNETIC INDUCTION 
 
6.1. Introduction 
 
This chapter explores the apparent bulk electrical conductivity of the soil profile using 
electromagnetic induction (EM) geophysical instruments. This is achieved with two surveys 
during different seasons with different hydrology regimes, to a depth of 6m. The information is 
predominantly used to assist answering Questions 1 (causation processes?), 2 (surface or 
groundwater focused?), 5 (best conceptual causation model?) and 6 (best management 
activities) and similarly primarily addressing Hypotheses 1 and 2 (causation - surficial soil 
degradation or deeper groundwater cause) and 5 (management of surface attributes rather than 
groundwater focused). Results will also contribute to answering Hypothesis 3, that elevated 
salinity levels adversely impact biota, as the rising groundwater model has been used to make 
predictions of impacts to biota. 
 
6.2. Electromagnetic Induction (EM) 
 
Measurement of ground resistivity is one of the oldest geophysical techniques and has been 
used to map geology for over 80 years (Keller and Frischknecht 1966; McNeil 1980). 
Electromagnetic induction techniques were originally developed for mineral exploration (Kirsch 
2006), but in recent years have become utilised for environmental applications, including 
archaeology, agriculture, soil contamination and salinity research (Table 6.1). The EM 
instruments measure apparent bulk electrical conductivity (ECa), a potential surrogate 
measurement of salinity (ions in solution). Each instrument measures to two depths in horizontal 
(shallow) and vertical (deep) dipoles, ~0.75 and 1.5 metres for the EM38 and 3 and 6 metres for 
the EM31, as shown in Figure 6.1. They are precise and proficient and can rapidly survey large 
areas without ground electrodes (Bennett and George 1995; Henry 2000). They were used in 
this research for a number of objectives as summarised in Table 6.2. 
 
Table 6.1. Summary of previous EM research and applications. 
Application Researchers 
mapping salinity McNeil 1980; Slavich and Petterson 1990; Acworth 
and Jankowski 1997; McKenzie et al. 1997; Pettifer 
et al. 2002; Spies and Woodgate 2004; Gill and Yee 
2004; Corwin and Lesch 2003; 2005; Lesch et al. 
2005; Corwin and Plant 2005; Mansoor et al. 2006 
detecting cavities and faults in the geology He et al. 2006 
detecting and mapping clay lenses and 
boulder clay depths 
Brus et al. 1992; Jung et al. 2005 
mapping soil texture and clay content 
variation 
Lesch et al. 2005; Triantafilis and Lesch 2005 
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mapping bedrock topography Sattel 1998 
mapping soil types and edaphic properties 
(‘soil quality’) 
Johnson et al. 2001, 2006; Jung et al. 2005; 
McBride et al. 1990 
mapping soil water/moisture content and 
perched water tables 
Kachanoskl et al. 1988; Sheets and Hendickx 1995; 
Barrett et al. 2002; Smiarowski et al. 2011 
mapping ephemeral streams and 
palaeochannels 
Burrell et al. 2008; Vervoort and Annan 2006 
 
Table 6.2. Tasks that the EM instruments were to perform and objectives and predictions of the results.  
Task  Objectives and Predictions 
1. Characterise the system and 
investigate spatial variation, laterally 
and vertically, of ECa 
 
Degradation should show heterogeneity over small 
distances, according to a surficial model. Deep 
measurements need not correlate with surficial 
metrics. 
If a groundwater issue, spatial (lateral) variation 
should be limited, especially the deeper 
measurements. Also, vertical variation should show 
an increased relationship with depth and surface 
attributes. 
2. Investigate temporal variation of ECa, 
particularly hydrological changes (i.e. 
between seasons) 
ECa should show changes from seasonal hydrology 
regimes, or increased moisture, such that ECa 
should increase and be more strongly associated 
during the wetter season. 
3. Investigate correlations of ECa with 
surface EC(1:5) 
 
ECa and surface soil EC(1:5) should be strongly 
associated. If groundwater is the cause of the 
problems, all depths should be associated. 
4. Investigate any changes between and 
within Patch types 
ECa should respond to different Patch Types, hence 
soil and vegetation degradation. Bare Soils should 
generally have higher ECa. Changes of ECa across 
boundaries should also be abrupt. 
According to the groundwater model, trees should 
have the lowest ECa. 
5. Identify associations with the abiotic 
indicators for all EM depths 
ECa should be associated with many abiotic surface 
and subsurface indicators, if the cause of the 
response is surficial degradation. 
If groundwater driven, deep ECa should be strongly 
associated with surficial abiotic metrics. 
6. Identify associations with the biotc 
indicators for all EM depths. The use of 
the EM technology in ecological 
research has not been previously 
investigated 
ECa may be associated to a number of biotic 
indicators, such as the vegetation LFA indicators. 
Soil respiration may also show an association with 
ECa. Deep ECa readings should be associated with 
vegetation decline at degraded, saline areas 
7. Use depth weighted ratios to determine 
where in the profile the most change 
occurred between the two seasons 
If groundwater driven, the most change between 
seasons should be from deeper in the profile, with 
water ‘rising’ following the rainfall.  
If a surficial problem, most change will be near the 
surface, above the clay B horizon. 
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As elevated salinity levels influence the ECa, due to the ionic conductivity, it is expected that the 
ECa should be strongly associated with the surface soil EC(1:5), and this should be the case for 
all EM depths, but particularly for the deeper EM31 if the cause of the degradation arises deep 
in the profile from shallow saline groundwater. Conversely, if a top down degradation process is 
the predominant cause of the degradation, it would be expected that the shallower measuring 
horizontal dipoles will be more closely associated with the surface EC than the deeper vertical 
dipoles, and the vertical dipole of the EM38 should be more strongly associated than the EM31 
vertical dipole. Lastly, if shallow saline groundwater is the predominant cause of the degradation, 
it is also expected that the second survey should be more strongly associated with surface EC 
than the first survey, as the second survey in spring followed a few months with considerable 
rainfall, hence provided wetter conditions. Negligible research has been focused on utilising the 
EM instruments for ecological purposes, so this application is also of interest.  
Associations between biotic metrics and the ECa will also be investigated. 
 
6.2.1. Methodology 
The Canadian made, Geonics EM38 and EM31 are small, light weight electromagnetic induction 
instruments shown in Figure 6.1. The details of each instrument are shown in Table 6.3. Kirsch 
(2006) and McNeil (1980) provide outlines of the induction process and summarise the 
operation of the instruments. 
 
a)  b) 
Figure 6.1. EM instruments 
a) The Geonics EM38 instrument shown in vertical dipole position and  
b) The Geonics EM31 instrument, also in vertical dipole (as opposed to horizontal dipole – or lying on its 
side). 
Note both photos are taken on scalds, which are old vehicle tracks (nothing to do with groundwater). 
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Table 6.3. Details of the two EM instruments used in this research. (Measuring depths H = horizontal 
dipole and V = vertical dipole). 
Instrument Intercoil 
spacing 
Operating 
frequency 
Measurement 
accuracy 
Noise 
levels 
Dimensions 
(length) 
Measuring 
depth 
EM38 1m 14.6 kHz +/- 5% at 30 
mS/m 
0.5 mS/m 1.06m H = 0.75m 
V = 1.5m 
EM31 3.66m 9.8 kHz +/- 5% at 20 
mS/m 
0.1 mS/m 4m ext. H = 3m 
V = 6m 
 
The EM38 was initially used to assist with identifying the research sites and areas of the site 
which produced both high and low readings (see Chapters 3 and 4), during October 2004 till 
February 2005. 
The first comprehensive transect surveys for both instruments at all ten sites were performed in 
March 2005. Repeat surveys were performed with both instruments during October 2005 
following ~240mm of rainfall between the surveys. Calibration (zeroing) of the instruments was 
performed according to the specifications at each site prior to measurements being taken.   
Vertical dipole and horizontal dipole measurements were taken with both instruments positioned 
parallel to the transect, from the soil surface (0m), along all 66 transects, giving ECa 
measurements to four different depths as shown in Table 6.3. Measurements were taken at the 
ends and every 5m (i.e. at and half way between survey stations) along each transect, giving 11 
readings per transect. All readings were taken at ground level to eliminate error and save time. 
The instrument was shaded when in direct sunlight and all surveys were performed when 
temperatures were 24-28ºC to avoid the effects of temperature drift. Anything conductive was 
removed from clothing. Measurements were not performed close to fence lines as large effects 
from these occurred, being <2m for the EM38 and approximately 3-4m for the EM31.  
Although a few authors have previously converted the raw EM readings into calibrated ECa and 
subsequently ECe readings (e.g. Slavich 1990; Sheets et al. 1994; Broadfoot et al. 2002), this 
was not done due to the difficulty in obtaining the required profile data, the subjectivity of the 
factors used in the equations and the lateral and vertical landscape heterogeneity. 
An attempt to ground-truth the readings was performed at the three case study sites using a 
hand auger to collect soil samples to depths of 3.8m (Chapter 7) whilst investigating 
groundwater presence, in addition to identifying correlations with surface EC(1:5). This soil 
sampling is described in Chapters 5, 10 and 11. Further ground truthing was not done due to 
time constraints and difficulty hand augering in the heavy clay. A drill rig was investigated to 
facilitate this task and to investigate groundwater presence, however, cost was considerable 
hence, was not possible.  
The ECa results were analysed as raw data and as depth-weighted readings, or ratios, of both 
instruments horizontal and vertical dipoles, as described by Corwin and Lesch (2003). The 
objective of the depth ratio analyses was to identify where in the profile the most change was 
occurring between seasons, hence spatially and temporally. This would identify if surface 
changes were greatest, hence surficial, or deeper groundwater changes. 
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6.3. Results 
6.3.1. Apparent electrical conductivity (ECa) 
Spatial variation 
 
Similarly to the soil EC(1:5) results (Chapter 5), the ECa results show that the bulk soil electrical 
conductivity is highly heterogeneous both spatially and temporally, showing extreme across-site 
and along transect variability, particularly at the bare, more degraded sites (Figure 6.2a-d). The 
less degraded, more vegetated areas usually showed less variability (Figure 6.2e-h). This will 
be further addressed below on Patch Types. The data is shown in mS/m, as displayed on the 
EM instruments. To convert into the units used for EC(1:5) in this thesis, µS/cm, they should be 
multiplied by 10.  
 
An interesting result is that in many cases, the ECa decreases along the transect, which are 
generally sloping slightly down gradient, as shown in Figure 6.2a, c, f, & g. If shallow saline 
groundwater was involved, the opposite should occur, especially with the deeper readings, as 
the groundwater should be slightly shallower at the lower elevation, hence increase readings 
along the transect. 
 
Temporal variation 
 
The majority of the shallow horizontal dipole ECa readings from both instruments and the 
vertical dipole of the EM38 all generally increased from the first season to the second, following 
ranfall and additional moisture in the landscape, as can be seen in Figure 6.2. This was 
particularly the case with the shallow horizontal dipoles and vertical dipole of the EM38. The 
smallest change between seasons occurred with the deeper EM31 vertical dipole, indicating 
little change in deeper watertable depth between seasons despite the rainfall and wetter 
conditions. 
 
Temporal change is explored further with the depth weighted ratios in the following sections. 
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g) 
 
h) 
Figure 6.2. EM results from eight example transects, four from transects containing scalds (Bare Soil 
patches) (a - d) and four vegetated Treed Patch Types (e - h), during both seasons 1 and 2 showing the 
four depths from the two instruments, and differences between the two seasons, along each transect. 
Red circles indicate scalds and green indicate presence of trees (eucalypts). ECa measurements are in 
mS/m (multiply by 10 to convert to µS/cm). Note the different vertical scales. 
 
 
6.3.2. Association between EC(1:5) and ECa 
 
The association between the EM instruments (ECa) and soil surface EC(1;5) is shown in Figure 
6.3. It can be seen that the shallow measuring dipoles show a weak association, at least above 
2000 µS/cm, however the deeper measuring EM31 in vertical dipole shows no association, 
especially for the second season when conditions were wetter (i.e. when the association with 
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the deeper ECa readings are expected to be greatest should groundwater be influencing the 
situation). A similar result is shown with the slightly deeper soil samples from 5-10cm in Figure 
6.4, although R2 values are slightly stronger. This indicates that the more elevated salinities at 
the surface are not associated with the deeper conductivities (i.e. salinities). 
 
Figure 6.3 also show changes in response of both instruments between the two surveys, the 
first survey ECa shows a stronger association than the second, despite the second survey being 
performed when the soil profile was more water saturated. The association between the surface 
EC and the EM31 in vertical dipole during the second survey is actually negative, it behaves in 
the opposite manner to the others and the way it is expected, indicating no relationship between 
elevated surficial EC(1:5) levels and ECa. According to the rising groundwater model, this 
association should be the strongest of both instruments and both surveys.  
 
It should also be noted that many non saline areas, or those with low to negligible surface soil 
EC(1:5) levels, produce high ECa readings. Indeed, the highest ECa readings are all taken on 
areas with low soil salinity levels, especially the EM31 in vertical dipole, suggesting that the 
EM31 in vertical dipole often provides erroneous data regarding surface soil salinities and other 
important attributes. 
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Figure 6.3. ECa results for the EM38 and EM31 from both surveys (seasons) with EC(1:5) from soil depth 
0-5cm. H & V = horizontal and vertical dipoles, The V1 & V2 = autumn and spring surveys. Note also 
different ECa (y) axis scales. It is shown that the relationship between ECa and EC(1:5) is poor, however 
above 2000µS/cm it improves considerably for the EM38 and EM31 in H dipole. 
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Figure 6.4. ECa results for both instruments in both H and V modes from both surveys (seasons) and 
EC(1:5) from soil depth 5-10cm. H & V = horizontal and vertical dipoles, The V1 & V2 = autumn and spring 
surveys. Note also different ECa axis scales. 
 
 
The results are slightly stronger during the first season survey when conditions are dryer, 
indicating that the water increase during the second survey reduces the association rather than 
increases it, which is actually the opposite of what would be expected to occur should 
groundwater be the main cause of the degradation and elevated salinity levels. It should also be 
noted that the response with surface EC(1:5) decreases with ECa depth, which again, concurs 
with a surface degradation model for causation of elevated salinity levels, rather than deep 
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hydrology. It is also apparent that in these landscapes, factors other than salinity levels are 
affecting the ECa results. 
 
6.3.3. ECa and Patch Type 
 
Similarly to the predictions for EC(1:5) and Patch type, ECa is predicted to follow the same 
patterns, where Bare Soil Patch types should produce the greatest ECa readings and this 
should be universal if bare patches are due to shallow saline groundwater, for both instruments, 
but especially the deeper measuring EM31 (i.e. in vertical mode). Treed Patch types should 
have the lowest and Dense Grass should also exhibit low ECa readings. The rising groundwater 
model requires that Bare Soil Patch types should also show uniformly elevated readings down 
through the profile, due to being underlain by saline groundwater which has caused the elevated 
soil salinity levels and then the ‘bareness’, in that order. Accordingly, the second season should 
show stronger associations than the first, due to the increased (saline) water content in the 
profile.  
 
Figure 6.5 shows the ECa results for both instruments with Patch types. Huge variation for each 
Patch Type is evident, however, for the EM38 at least, it can be seen that Treed Patch types 
have consistently lower ECa. It should be noted that the Dense Grass Patch Types with 
extreme values are spiny rush thickets in scalds (Sites 2 and 3).  
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Figure 6.5. ECa of both instruments and Patch types. Note the huge variation within each Patch Type for 
all depths. Variation increases as EM depth does. The extreme 5 or 6 readings are from Site 3, a swampy 
area where heavy iron rich clay is less than 20cm depth from the surface. Dense Grass high values are 
due to spiky rush growing in the scalds. 
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Table 6.4. Means, SE and SD of all ECa for all EM depths and both seasons with Patch Types. The 
means are significantly different (P<0.001). It can be seen that the EM’s are picking up high soil salinity 
(EC), however, many ‘false positives’, hence high SD, especially for Bare Soil Patch Type. H = Horizontal 
dipole V = Vertical dipole; 
1 & 2 refer to seasons (survey 1 = autumn; survey 2 = spring) 
EM  Bare Soil Sparse Grass Dense Grass Tree 
 Mean SE SD Mean SE SD Mean SE SD Mean SE SD 
EM38H1 67.6 7.1 39.3 38.1 2.7 20.8 35.6 4.4 37.0 22.2 1.4 14.4 
EM38H2 85.3 8.2 45.5 57.2 3.5 26.8 50.3 4.4 36.1 35.8 1.9 19.8 
EM38V1 82.4 8.5 47.2 54.8 3.4 25.8 49.3 5.5 45.9 34.6 2.1 21.9 
EM38V2 95.6 7.6 42.6 75.0 4.4 33.7 66.3 5.4 45.1 51.1 2.7 28.0 
EM31H1 72.7 6.1 34.0 70.3 3.7 28 55.8 3.9 32.9 47.5 2.2 22.8 
EM31H2 100.4 6.9 38.8 94.9 4.7 35.9 86.0 4.9 41.2 70.5 2.8 28.7 
EM31V1 62.5 4.4 24.3 77.3 4.3 32.9 60.9 3.0 24.9 55.3 2.5 25.1 
EM31V2 69.5 4.3 24.1 91.6 5.0 38.1 83.1 3.6 29.8 73.5 2.9 29.1 
 
On average, for all EM depths except the EM31 in V dipole, Bare Soil patches had significantly 
higher (p<0.001) ECa readings and Sparse and Dense Grass and Treed patches had 
significantly lower (p<0.001) ECa values (Table 6.4).  The EM31 V dipole season 2 has the 
highest means at vegetated patches, opposite to the others. The result is more pronounced 
when scalds/non-scalds are analysed separately (Table 6.5). 
However, for all EM depths, Bare Soil patches were not uniformly more conductive, nor well 
vegetated patches uniformly less conductive. ECa levels were highly variable, from all Patch 
Types (Figure 6.5) and the variability increased with depth. Similarly to the soil surface EC(1:5) 
results, Bare Soil Patch type exhibits many low ECa readings, including scalds, as shown in 
Table 6.5, indicating that salinity is relatively unimportant at many degraded areas, and agreeing 
with salinity being a symptom of the degradation rather than the cause. 
 
 
Table 6.5. Means, SE and SD of the EM38 and EM31(ECa), both dipoles for both seasons, from scalds 
and non scalds, showing a large variation in both scalds and non scalds but generally, much higher ECa 
readings taken from scalds. All of the means are significantly different (P<0.001), except the EM31 V1 
and V2. Note the opposite effect for the EM31 V2, where vegetated areas have a higher mean than 
scalds. Measurements are in mS/m. Note that these results concur with the regression analyses (Table 
6.10) 
EM scald non scald 
 Mean SE SD Mean SE SD 
EM38 H1 77.89 7.56 45.97 27.50 1.26 18.97 
EM38 H2 92.43 7.23 44.00 43.28 1.72 25.96 
EM38 V1 94.22 9.23 56.17 41.11 1.74 26.19 
EM38 V2 104.35 7.53 45.80 59.30 2.24 33.69 
EM31 H1 83.43 6.53 39.72 53.49 1.72 25.70 
EM31 H2 109.32 7.01 42.62 79.29 2.28 33.99 
EM31 V1 70.84 4.90 29.78 61.04 1.85 27.62 
EM31 V2 75.68 4.49 27.29 80.21 2.18 32.50 
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6.3.4. Associations with degradation 
 
The EM38 
 
The summary of the Pearson correlation coefficients are shown in Tables 6.6, 6.7 and 6.8. Note 
that the correlations between Scald (Table 6.6), SOM, respiration (CO2) and the LFA indicators 
(Table 6.6 and 6.8) with the EM38, are stronger than the correlations with EC(1:5). It is also 
evident that the shallower measurements (EM38H) are more strongly correlated with all of these 
variables (positive and negative) than the deeper EM38V, for both seasons, indicating that as 
depth increases, relationships with surficial variables, or attributes, decrease (i.e. an inverse 
relationship). When individual sites were analysed separately (data not included), the 
relationships are less or not apparent at the relatively nondegraded sites with generally low EC 
levels, such as Sites 7 to 10, where there are no associations (correlations) between EC and 
any of the EM depths (see Table 6.7). This therefore indicates that the EM instruments do not 
provide useful information regarding salinity levels at relatively non degraded sites that do not 
have elevated salinity levels, indicating that attributes other than salinity levels are influencing 
the EM readings. These must therefore also be affecting the areas with elevated salinity levels 
and are discussed below. 
 
The regression analysis, summarised in Table 6.10 indicated that the EM38H, for both seasons, 
was significantly associated (P<0.001) with ECfac and Scald and less with pHfac (P<0.01). The 
weak relationship with ECa (EM38 H1) and surface soil pH is shown in Figure 6.6, where the 
association likely arises due to the degradation. It is shown however, that all low EC(1:5) levels 
are found in acidic to neutral pH soils and the extreme salinity levels are found where pH levels 
are also high (alkaline). The EM38V S1 and S2 were also significantly associated (P<0.001) 
with ECfac and Scald.  
 
EM31 
 
When all sites were analysed together, the only strong correlation (p<0.001) between the EM31 
ECa with EC(1:5) and Scald is the EM31H in season 1, when soils were dryer. The EM31V in 
both seasons is not correlated at all, indicating similarly to the EM38, as depth increases, 
correlations (relationships) with surface conditions, including elevated salinity levels, decreases. 
The variables H2O2, Slake, RP and PV show no correlation with the vertical dipoles during both 
seasons, whereas they do for the shallower horizontal dipoles, supporting the earlier attained 
inverse relationship with depth and surface attribute results. Moreover, the EM31H generally 
showed more and/or stronger correlations during season 1 than during season 2, suggesting 
that as more water enters the system (and presumably dissolved salts), the association with 
these surface measurements also decreases.  
 
The regression analysis, summarised in Table 6.10, indicated that the EM31H S1 was 
significantly associated with Scald (P<0.001) and ECfac (P<0.01), which weakened in season 2. 
Importantly, the EM31V in both seasons showed no association with ECfac, pHfac and Scald.  
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Thus to summarise, the EM results of both instruments are highly variable spatially and 
temporally. Both the correlation coefficients and regression analyses suggest that as depth 
increases, the relationships with the surface attributes, or indicators, both biotic and abiotic, 
decreases.  
 
 
Table 6.6. A summary of the Pearson correlation coefficients (P<0.001) of the ECa (EM) measurements 
when analysed against all variables (indicators) measured at the stations spaced along the transects at 
all sites. Scald was measured as yes or no (i.e. a bare, scalded surface) and surface compaction with a 
penetrometer. Depth increases down the table. Note the differences between the EM38 and EM31 and 
no negative relationship between the EM31 in V dipole with surficial attributes. 
Scald measured as yes or no; Surface compaction measured with a penetrometer; V = Vertical dipole; H 
= horizontal dipole; S1 and S2 = seasons 1 and 2 (autumn and spring); H2O2 = reaction when placed on 
soil surface; Surface = soil surface compaction; RP = rainsplash protection; PV = perennial vegetation; 
Patch = type of vegetation; CO2 = bulk soil respiration; Geology = Silurian or Ordovician metasediments; 
Infiltration = time for 250ml water to infiltrate soil. EC(1:5) and soil pH were taken from the surface 5cm.  
EM variant Positive p<0.001 Negative p<0.001 
EM38H S1 pH, Surface, Scald, EC H2O2, Slake, RP, PV, Litter, Patch, CO2 
EM38H S2 pH, Surface, Scald, EC H2O2, Slake, RP, PV, Litter, Patch, CO2 
EM38V S1 pH, Surface, Scald, EC H2O2, Slake, RP, PV, Litter, Patch, CO2 
EM38V S2 pH, Surface, Scald H2O2, Slake, RP, PV, Litter, Patch, CO2 
EM31H S1 pH, Surface, Geology, Scald H2O2, Slake, RP, Litter, Patch, CO2 
EM31H S2 pH, Surface Litter, CO2 
EM31V S1 pH, Surface, Geology  
EM31V S2 Infiltration  
 
Table 6.7. Summary of the Pearson correlation coefficients (r values), showing the strength of the 
relationships of the EM results (ECa) with EC(1:5) and Scald, when all sites were analysed, in addition to 
four individual sites; two exhibiting degradation with apparent elevated salinity levels, Sites 2 and 3, and 
two showing relatively less degradation without elevated salinity levels, Sites 7 and 8. Note the inverse 
relationship with depth with both EC and Scald and the EM readings, except for the two less disturbed 
sites (Sites 7 & 8), indicating the inapplicability of the EM for salinity studies in relatively non saline sites.  
V = Vertical dipole; H = horizontal dipole; S1 and S2 = seasons 1 and 2 (autumn and spring); Scald = 
bare surface usually without A0 and A1 horizons; and EC = EC(1:5) surface 5cm. 
EM/dipole/season EC (all sites) Scald Site 2 EC Site 3 EC Site 7 EC Site 8 EC 
EM38 H1 0.45 0.58 0.57 0.60 -0.12 -0.20 
EM38 H2 0.39 0.51 0.49 0.49 0.37 -0.31 
EM38 V1 0.38 0.50 0.29 0.60 -0.13 -0.22 
EM38 V2 0.30 0.40 0.11 0.46 0.36 -0.33 
EM31 H1 0.28 0.35 0.15 0.45 -0.24 -0.32 
EM31 H2 0.24 0.26 0.15 0.42 -0.07 -0.32 
EM31 V1 0.11 0.12 -0.26 0.03 -0.28 -0.37 
EM31 V2 -0.01 -0.05 -0.34 -0.07 0.01 -0.36 
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Table 6.8. EM correlation coefficients with the biotic indicators, including SOM. Both modes from each 
instrument (H and V) and both seasons (1 = autumn 2005; 2 = spring 2005) are shown. The biotic 
indicators shown are; SOM (soil organic matter measured with application of H2O2 to the soil surface); 
CO2 production (measured as bulk soil microbial respiration); LFA Rainsplash protection (soil surface); 
LFA Perennial Vegetation; LFA Litter (amount); LFA Patch (Bare soil, Sparse/Dense Grassland and 
Trees). Note the negative association and the general decreasing (inverse) relationship with all indicators 
as depth increases (generally downwards in the table).  
EM/dipole/season SOM CO2 Rain P P vege Litter Patch 
EM38 H1 -0.57 -0.49 -0.52 -0.49 -0.51 -0.43 
EM38 H2 -0.49 -0.43 -0.49 -0.47 -0.49 -0.44 
EM38 V1 -0.51 -0.47 -0.45 -0.42 -0.47 -0.39 
EM38 V2 -0.4 -0.37 -0.4 -0.38 -0.44 -0.37 
EM31 H1 -0.33 -0.41 -0.33 -0.31 -0.37 -0.33 
EM31 H2 -0.28 -0.32 -0.29 -0.28 -0.37 -0.31 
EM31 V1 -0.1 -0.29 -0.15 -0.13 -0.23 -0.21 
EM31 V2 0.05 -0.1 0.03 0.02 -0.1 -0.08 
 
 
 
 
Figure 6.6. Soil surface pH and the EM38 H dipole, season 1, showing the strongest association of all the 
EM depths, although still only a weak relationship. The effect for season 2 is slightly weaker, and the 
affect also decreases as depth increases. 
 
When soil organic matter, measured with the application of H2O2, is analysed with ECa strong 
differences are apparent between SOM being present or absent, as shown in Table 6.9. 
However, large variation is also apparent and the association decreases with depth. The same 
also occurs for bulk soil respiration (CO2) and the other vegetation (LFA) indicators. 
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Table 6.9 Summary of ECa and the presence/absence of SOM (measured with the application of H2O2), 
showing strong differences between, especially in the shallower readings. All means are significantly 
different (P<0.001), except the EM31 in V dipoles. An inverse relationship is seen with ECa depth. Note 
also the EM31 V2 has higher ECa where SOM is present, opposite to the others. 
 SOM absent SOM present 
 Mean SE SD Mean SE SD 
EM38 H1 76.08 7.39 46.16 27.37 1.25 18.70 
EM38 H2 90.26 7.26 44.76 42.93 1.71 25.67 
EM38 V1 92.66 9.17 56.51 40.54 1.70 25.48 
EM38 V2 101.87 7.46 45.99 58.87 2.23 33.38 
EM31 H1 80.13 6.64 40.95 53.53 1.73 25.61 
EM31 H2 107.42 7.01 43.20 78.97 2.28 33.76 
EM31 V1 67.26 4.85 29.92 61.29 1.86 27.65 
EM31 V2 74.59 4.33 27.07 80.44 2.19 32.54 
 
 
Table 6.10. Regression analyses using accumulated analyses of variance showing significance of F-
products when all factors were analysed against all variants. Variants were analysed simultaneously as 
well as separately, with the separate analyses generally conferring with the amalgamated analyses. Note 
the inverse relationship with depth between the ECa with ECfac and Scald. 
= <0.001;= <0.01; x = not significant 
VARIANT SITES SITES.TR STN.TR ECfac pHfac scald 
EM38 H1      
EM38 H2      
EM38 V1     x 
EM38 V2     x 
EM31 H1   x  x 
EM31 H2    x x 
EM31 V1   x x x x 
EM31 V2    x  x 
 
6.4. EM depth weighted ratios 
The physical response of the EM instruments with respect to depth conductivity is described by 
McNeill (1980). The ECa readings are not linearly related to soil conductivity as a function of 
depth, and nor is the function the same for both horizontal and vertical reading positions 
(McNeill 1980).  
In summary, for both instruments at ground zero elevation in vertical dipole position, the surface 
material makes a very small contribution to the secondary magnetic field and therefore, this coil 
configuration is insensitive to changes in near surface conductivity as shown in Figure 6.7. The 
maximum response for the EM38 in vertical dipole (assuming a homogeneous medium), for 
example, occurs at approximately 0.4m (i.e. approximately 1/3 of the total depth range of the 
instrument). Conversely, when the instrument is in the horizontal dipole position the relative 
contribution from material near the surface is large (maximum) and the response falls off 
monotonically with depth. The same situation occurs with the EM31 with respect to the depth of 
159 
the measurements. McNeill (1980) points out that this feature can be useful for determining a 
‘layered earth’, thus, following discussions with Greg Street from Fugro in Western Australia and 
Dr Willem Vervoort from the University of Sydney, these depth conductivity responses were 
exploited by using the ratios of the four EM measurements collected during the two seasons to 
assist producing a ‘layered earth’ (Corwin and Lesch 2003). The four measurements provided 
six different ratios (surrogate layers) which could be analysed both qualitatively and 
quantitatively. The objective was to identify where in the profile the maximum amount of change 
in conductivity with respect to depth occurred, from season 1 (autumn) to season 2 (spring), 
following rainfall, bearing in mind that the thickness and depth of the soil horizons remain 
constant between the seasons. Friedman (2005) reports that the ECa is predominantly a 
function of both the volumetric water content and the bulk electrical conductivity of the 
subsurface material, hence the additional water in the system during the second survey should 
affect the results accordingly.  
All ratios have the deepest measurement as the denominator although the EM38V/31H may not 
conform when salinities are high at the surface. Table 6.11 shows the ratios and corresponding 
depths.   
 
 
Figure 6.7. Comparison of relative responses for vertical (V) and horizontal (H) dipoles of both EM 
instruments. The vertical axis is the relative depth response and the horizontal axis is the coil spacing 
which equates to the total depth response of the instrument (z). The H dipole is most sensitive to near 
surface responses and the V dipole is most sensitive to a response at approximately one eighth to one 
quarter of the total depth response of the instrument (and insensitive to the near surface) (source: McNeill 
1980). 
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Table 6.11. Ratio numbers and dipoles with respective depths. Note that the ratio number is not 
sequential with depth (i.e ratio 4 and 5 could be reversed in the order), although all denominators are 
considered to be the deepest depths (except ratio 3). 
Ratio Number Ratios, instruments and dipoles Ratio depths 
1 EM38H / EM38V 0.75m / 1.5m 
2 EM38H / EM31H 0.75m / 3m 
3 EM38V / EM31H 1.5m / 3m 
4 EM31H / EM31V 3m / 6m 
5 EM38H / EM31V 0.75m / 6m 
6 EM38V / EM31V 1.5m / 6m 
 
6.4.1. Depth weighted ratio results 
The depth weighted ratio results from four transects are shown in Figure 6.8 to illustrate the 
extreme lateral and vertical heterogeneity across small spatial scales. Two examples each of 
degraded and less degraded transects are shown. The different ratios are reported below. 
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b) 
   
c) 
    
d) 
Figure 6.8. An example of the depth weighted ratios sowing change between the two seasons (S1 & S2) 
along four transects (same as those presented above), two with scalds (a, b) (red circles) and two without 
(c, d) (trees green circles). 
 
A summary of the ratio means, SD and the difference between seasons, with T test to 
determine if the means are significantly different are shown in Table 6.12. It can be seen that all 
means increase from season 1 to season 2, excluding Ratio 3 (38V/31H), indicating that all 
surface profile conductivities increase relative to the deeper profile conductivities following 
rainfall and increased soil moisture. The 38V/31H result may also be included despite reducing 
in value at season 2 due to the conductivity responses of each instrument, with the EM31 in H 
dipole being shallower or similar in depth response as the EM38 in V dipole, indicating that the 
ratio may actually be presented upside-down. Ratio 4 (EM31H/31V) is consistently higher than 
the other ratios, particularly in season 2, generally increasing from season 1 to season 2, 
indicating that the depth conductivity associated with the horizontal dipole mode (i.e. surface) 
increases relative to the vertical dipole mode. This indicates that the main increase in ECa 
between seasons occurs at the surface. 
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Table 6.12. Summary of the EM depth weighted ratio means, SE and SD for both seasons, with 
differences between the seasons. P values show all ratios are significantly different between seasons, 
however some show greater change. 
EM ratio  
(1 - 6) 
Season 1 Season 2 Difference 
S2-S1 
T test 
P value 
ANOVA 
P value 
 Mean SE SD Mean SE SD    
1. 38H/38V 0.69 0.01 0.23 0.76 0.01 0.15 0.07 <0.0001 <0.0001 
2. 38H/31H 0.55 0.01 0.26 0.57 0.01 0.19 0.02 0.0982 0.096 
3. 38V/31H 0.78 0.01 0.29 0.74 0.01 0.18 -0.04 0.0018 0.001 
4. 31H/31V 0.91 0.01 0.19 1.05 0.01 0.29 0.14 <0.0001 <0.0001 
5. 38H/31V 0.53 0.01 0.36 0.63 0.01 0.40 0.10 <0.0001 <0.0001 
6. 38V/31V 0.74 0.01 0.40 0.81 0.01 0.39 0.07 0.0009 0.001 
 
Transects located in relatively undisturbed soils show Ratio 2 (EM38H/31H) as consistently a 
lower ratio, predominantly the second lowest, usually after Ratio 5 (EM38H/31V), which is the 
consistently lowest ratio. This indicates that the conductivity at the immediate surface (as 
identified by the EM38H) in less degraded soils is somewhat reduced as that deeper in the 
profile (as identified by the EM31V). Ratios often decrease beneath trees, indicating that the 
lower denominator (of each ratio) increases relative to the upper numerator (shallower of the 
two ratios) beneath trees. Site 2 T2 shows this nicely, a large healthy E. melliodora exists at 
reading 8 shown in Figure 6.2g. The factors affecting this may be a physical response from the 
soil, such as clay content, SOM and moisture, and chemical factors such as cations and anions 
(salinity). It also confirms that increased conductivity as depth increases is natural in non 
degraded situations.  
Ratio 6 (EM38V/31V) appears to often show the maximum variation along each transect, often 
doubling (or halving) in short distances which indicates considerable increase in conductivity in 
the surface levels as compared to the deeper levels, from season 1 to season 2, confirming the 
predominance of surficial processes. Other ratios also show this extreme variation over short 
distances, particularly Ratio 4 (EM31H/31V), although not as consistently.  
Regression analysis was performed on the ratio data to determine which ratio showed the most 
change between seasons. The results are shown in Table 6.13. This indicated that the means of 
the depth weighted ratios were significantly different between seasons for ratios 1, 4 and 5, 
similarly to the previous results. 
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Table 6.13. Summary of the regression analyses showing changes between seasons for the individual 
EM depth weighted ratios, with the accumulated ANOVA for each ratio, showing significant changes from 
season 1 to season 2 mainly from the top metre or so (i.e. surface A and top of B horizons), that is, Ratios 
1, 4 and 5. 
Significance: * p<0.05, ** p<0.01, *** p<0.001.  
 Change between season 
Ratio no & depths m.s. VR F Pr Sig. level  
Ratio 1 (0.75m/1.5m) 2.03 7.02 0.026 * 
Ratio 2 (0.75m/3m)  0.14  0.39 0.546  ns 
Ratio 3 (1.5m/3m)  0.60  1.42 0.264  ns 
Ratio 4 (3m/6m) 6.67 11.55 0.001 *** 
Ratio 5 (0.75m/6m)  3.94 11.13 0.009 ** 
Ratio 6 (1.5m/6m)  1.56  4.21  0.070  ns  
 
When performing the regression analyses on the EM ratios, it was necessary to assume that the 
residuals are normally distributed, although the variables themselves are not normally 
distributed (Greg Street pers. comm. 2008). This was confirmed with qualitative analysis (Colin 
Matheson pers. comm. 2009). The change in seasons for each ratio results shown in Table 6.13 
concur with the t-test results shown in Table 6.12 as far as the significantly different at p<0.0001 
are concerned. That is, the t-test results with p<0.0001 agree with the regression analyses, 
indicating that ratios 1, 4 and 5 change significantly between seasons, without considering 
changes between sites and transects. All ratios show considerable temporal variation between 
seasons, particularly from the shallower ratios (H dipoles) over the deeper ones (V dipoles). The 
predominant change between the seasons is an increase in conductivity in the surface layers, 
particularly Ratios 4 (EM31H/31V) and 5 (EM38H/31V) (i.e the shallowest over the deepest). 
As the significant change is within the surface (the numerator) it can be seen that this change is 
also predominant in the surface ratios (i.e. numerator relative to the denominator). The results 
therefore indicate that the main changes between the ratios during the different seasons is 
occurring in the top approximate 1 metre or shallower of the soil, further evidence of laterally 
flowing surficial water (infiltration and interflow). The depth weighted ratio results therefore 
support a surficial degradation cause, not a rising groundwater problem. 
 
6.4.2. Differences between scalds and non scalds 
There should be a significant difference between all ratios and seasons, however the shallow 
ratio responses should be significantly higher at the scalds according to a degradation model 
and the deeper ratio responses should be higher according to a shallow groundwater problem. 
Table 6.14 shows the means, SE and SD of each ratio for scalds and non scalds. It can be seen 
that on average, the means for all ratios are highly significantly different between scalds and 
non scalds, and scalds generally show the greatest variation. It is also shown that the greater 
values for all ratios occurring at the scalds indicates surficial predominance. 
 
164 
Table 6.14. Means, SE and SD for each EM depth weighted ratio for scalds and non scalds. All ratios are 
significantly different (P<0.0001) between scalds and non scalds. 
EM ratio Non scald Scald  
 mean SE SD Mean SE SD  
Ratio 1 0.70 0.01 0.19 0.84 0.01 0.18 P<0.0001 
Ratio 2 0.50 0.01 0.19 0.82 0.01 0.22 P<0.0001 
Ratio 3 0.72 0.01 0.22 0.99 0.01 0.21 P<0.0001 
Ratio 4 0.93 0.01 0.17 1.27 0.03 0.39 P<0.0001 
Ratio 5 0.49 0.01 0.25 1.07 0.04 0.55 P<0.0001 
Ratio 6 0.68 0.01 0.28 1.26 0.03 0.50 P<0.0001 
 
6.5. Discussion  
6.5.1. EM Depth Ratios  
The depth weighted ratios provide additional information to the ECa results. Changes, mainly 
increases, of profile conductivities in relatively short distances along the transect, particularly 
ratios 1, 3, and 6 (EM38H/38V, EM38V/31H and EM38V/31V) between seasons, indicates that 
the main change in response is from the surface. 
It is likely that the results from ratio 2 showing consistent values around 1, are due to the 
instruments similar response to the surface conductivities in H dipole, thus both will increase or 
decrease accordingly. The depth ratios (depth-weighted readings) indicate that the predominant 
water movement in these duplex soils is within the top metre or so, which is that which sits 
above the semi-impermeable clay-rich B horizon. This indicates a surface water association, 
with lateral accessions as runoff and interflow, mobilizing any salts stored in the upper soil 
profile and transporting them downslope.  
The elevated conductivities in the deeper layers are uncommon compared to those in the upper 
layers, hence the large ratios attained at a number of sites. This is especially the case at scalds, 
where the deep EM31 should show the strongest associations if shallow saline groundwater 
was an issue (hence affect the results by reducing the ratios).  
Generally, all the ratios are less than 1 (or just above), excluding the highly disturbed and/or 
degraded areas. These (highly) degraded areas reach ratios of 2 – 2.5. The maximum ratio 
attained occurs at Site 3, T12 (season 2; S2) with a value of 4.6 (Ratio 5; EM38H/31V, which is 
the shallowest reading divided by the deepest reading) and ~4 for Ratio 4 and 6 (EM31H/31V 
and EM38V/31V), indicating that the response from the surface conductivities, which in the case 
at Site 3, is shallow, very heavy green clay, far exceed that from the deeper profile. It is the 
surface conductivities that increase substantially in season 2, as seen in Ratios 4 and 5 
(EM31H/31V and EM38H/31V), whilst Ratio 6 (EM38V/31V) remains large. These are the three 
ratios with the EM31V (deepest) as the common denominator, evidence that the predominant 
hydrological activity at this location is surficial, which can be expected as the site is located up 
slope from a driveway that constrains surficial flow down the drainage line, hence accumulates 
surficially. It is noteworthy that despite the extreme values of these ratios mentioned, the other 
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three shallower ratios 1, 2 and 3 (EM38H/38V, EM38H/31H, EM38V/31H) remain consistently at 
approximately a ratio value of 1. 
This is further supported by Ratio 5 (EM38H/31V) being consistently the lower ratio where 
relatively undisturbed soil is present (particularly below trees), however this detail is not 
apparent where there are scalds and/or degraded soils. In most cases this ratio increases from 
season 1 to season 2, indicating that the moisture (and probably total dissolved solids and 
salinity) increases in the immediate surface soils following the rainfall in season 2 (i.e. mobilizing 
the surface evaporated salts that are present at or near the soil surface) 
As it is predominantly moisture that has changed during the 2 seasons, or increased from 
season 1 to 2 (Smiarowski et al. 2011), it is also likely that the total dissolved salts have 
increased as well, either by increased mobilization or lateral accessions from up gradient. It is 
therefore likely that in many cases, the salt source may be stored in the upper soil profile, up 
slope. In most cases, it is unlikely that the salt has been transported from deeper in the profile 
as the evidence does not support this, although a contribution cannot be ruled out.  
The ratios effectively provide an approximation of where in the profile the increased conductivity 
occurs, such that the ratio of shallow/deeper readings ≤ 1.0 equates to conductivity increasing 
with depth; values around 1 indicates that the ground is uniformly conductive; and inverted 
where the conductivity decreases with depth (i.e. ratio > 1.05 has elevated conductivity towards 
the surface). It is the first form that shows the strongest association with relatively less 
degradation (i.e. disturbance), so this should be the ‘healthiest’ state for the system to attain and 
most likely, closest to the original state (i.e. prior to early settlement almost 200 years ago).  
No evidence for a shallow saline groundwater problem was found using the depth-weighted 
ratio technique, even when the second survey followed a relatively wet period when 
groundwater levels should have theoretically been relatively recharged with conductive salts 
(ions) and therefore influenced results. The results provide evidence for the opposite of what 
may have been expected if shallow groundwater was an issue at these sites. 
Lastly, it would be worth investigating the applicability of taking measurements from above the 
ground surface, such as 1m height, with both instruments, to provide an additional set of data to 
the surface measurements, which could also be incorporated into the analyses. This would also 
remove the effects of the increased (biased) surface conductivities on the horizontal dipole 
readings.  
 
6.5.2. Discussion - EM 
Spatial and temporal heterogeneity was a feature of both instruments. These results concur with 
Murray (1996), Williams et al. (2001, 2006), Fitzpatrick et al. (2003) and Corwin and Lesch 
(2003, 2005) who also noted spatial and temporal variability from shallow EM surveys at 
degraded salinised sites. The extreme spatial variation shown along the transects, especially 
where patches change from Bare soil to Dense grass or Treed (very degraded to less 
degraded) in most depths suggest a surface influence, due to degradation. The EM is 
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responding to factors other than just the salinity, or EC(1:5), such as the depth to the clay B 
horizon, changes of moisture and SOM levels, particularly across scald/non scald boundaries. 
The ECa results therefore concur with the EC(1:5) lateral and spatial heterogeneity discussed in 
Chapter 5. 
 
However, the association shown between ECa and surface EC(1:5) is poor, especially with the 
deeper readings. There are likely a number of factors which influence this. Firstly, the soil 
samples collected from all survey stations for lab analyses of the EC(1:5) were performed only 
once and were not done at the same time as the EM surveys were performed. This was not 
possible. The soil samples were collected when the toilet rolls and pitfall traps were setup. 
Given the temporal variation shown in the EC(1:5) results (Chapter 5), over short periods, there is 
likely temporal variation between the soil samples collected and the EM surveys performed, 
especially the 2nd one when the soil was wetter. Secondly, the effect is reduced by the greater 
number of less degraded areas with low or negligible surface EC(1:5) levels. Areas where 
degradation is severe but surface salinities are not, such as exposed B horizons, will also affect 
the results. In these cases, other factors are more predominant, and this is often the case where 
both degradation and surface salinity levels are high also. Thirdly, the soil samples are taken 
from the surface 10cm depth of soil, whereas the ECa readings are a bulk measurement with 
minimum 75cm depth and maximum 6 metres. As vertical EC(1:5) results show large variation, 
predominantly at the surface where bare patches occur but deeper in the profile when 
vegetation is present, correlations at vegetated patches will be less common. 
Therefore, the current commercial use of EM for diagnoses of the surface soil salinity for 
agronomic purposes is limited, with previous work also showing little relationship with salinity in 
the soil surface 10 – 30cm (e.g. Bennett et al. 2000; Gill and Yee 2004). This is unfortunate as it 
is this shallow zone where the most detailed information is required by farmers and land 
managers for agricultural (and conservation) activities. That is, it is this depth in the soil profile 
that is of most interest for productivity and hence, profit. It is also the region in the profile where 
evaporites predominantly form, hence should produce elevated conductivity readings (ECa).  
The clay-rich B horizons common in these duplex soils are considered to be the main influence 
affecting the response, hence, are discussed further. The ECa is a measurement of the soils 
bulk electrical conductance which is a combination of three pathways; the soil solution, the solid 
soil particles in direct contact with one another and via exchangeable cations that exist at the 
solid-liquid interface of clay minerals (Rhoades et al. 1999; Corwin and Lesch 2003). The ECa is 
therefore predominantly a function of the soil physical and chemical properties of a) soil salinity, 
b) the saturation percentage, c) water content, and d) bulk density. The saturation percentage 
and bulk density are both closely associated with clay content and compaction. When clays 
become saturated they release ions that increase the number of charge carriers in the 
electrolyte (McNeill 1980; Emerson and Yang 1997). As clay is generally characterised by low 
electrical resistivity, or, high conductivity, it is a target in electromagnetic surveys (e.g. Viezzoli 
and Cull 2005: Friedman 2005; Kirsch 2006; Vervoort and Annen 2006). 
Sudduth et al. (1995) found strong correlations during relatively dry years between both ECa 
and depth to claypan. Ussher et al. (2000) discussed the effect of clay minerals on surface 
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electrical conductivity, and two conduction paths through clay-rich sediments: 1) via pore water 
and 2) a double layer of cations, called the Gouy layer, which occurs at the interface of clay 
minerals. The double layer allows ions to move through the system with a lower effective 
viscosity than in the liquid phase, the conductivity through this effect can exceed the 
conductivity of the water itself by many times and is thus of utmost importance in clay-rich zones, 
as also reported by Spichak and Manzella (2008). They conclude that in clay-rich rocks and 
where the pore water has low salinity, the bulk electrical conductivity of the rock is proportional 
to the CEC of the clays. Others have reported similar (e.g. McNeill 1989; Ward 1989; Acworth 
and Jankowski 1997).  
Positive correlations have been found between the ECa and clay content (e.g. Kachanoski et al. 
1988; Ward 1990; Khakural and Robert 1998; Ussher et al. 2000; Johnson et al. 2001). Howlett 
et al. (2001) reported that conductive anomalies at Cape Portland in Tasmania may be due to 
both salt and clay contents, rather than exclusively from the salt. They concluded that the 
correspondence between their EM31 data and the mapped distribution of scalds suggested that 
salt content is a major factor influencing near surface conductivity. However, this may be 
incorrect, as many scalded areas from the present research also have exposed A2 or B horizons 
at the surface, thereby reducing the depth to the clay hence increasing the conductivity 
response thus the ECa readings, especially for the horizontal dipole. Indeed, the EM38 
instrument used by farmers and land managers for the surveys across the study region was 
more commonly routinely used for paddock scale identification of location and depth to clay 
horizons, not elevated salinity levels per se (Nik Henry pers. comm. 2005). Local effects of the 
clay mineral composition and depth must therefore be investigated to accurately determine its 
influence. 
The induced current flow being mainly horizontal should also be considered when interpreting 
the measurements (McNeil 1980). If electrical anistropy due to alternating layering of good and 
poor conductors (e.g. sand and clay) occurs, then current flow is mainly in the good conducting 
layers, resulting in high measured conductivities (Seidel 1997), as shown in Table 6.15. 
Therefore, for a layered ground, as that which occurs within these duplex soils, the measured 
conductivity is a weighted mean of the conductivities of the layers in which currents are induced. 
In addition, the contributions to the measured apparent conductivity is influenced by more 
shallow measurements (McNeill 1980), as shown in Figure 6.7, hence increased clay or 
moisture near the surface will exhibit higher readings than those with a sandier surface and a 
similar clay horizon slightly deeper. This can be seen with the most extreme ECa readings 
(Figure 6.2) taken at Site 3 in a swampy area where there is a heavy green, iron rich clay 
present at shallow depth (<20cm). These extreme readings are also discussed in the EM ratio 
section (and Chapter 5). 
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Table 6.15. Physical properties of aquifers and impermeable layers with effects on the electrical 
conductivity ECa (source: Kirsch 2006). 
Layer Electromagnetic conductivity mS/m (ECa) 
Dry gravel and sand 0.5 - 2 
Saturated gravel and sand 5 - 17 
Fractured rock 0.5 - 17 
Solid rock <0.5 
clay 34 - 100 
 
Therefore, although salinity is often suggested to be the main factor that influences the ECa of a 
soil (e.g. George et al. 2000; Daamen et al. 2002; Spies and Woodgate 2005; Tan et al. 2005; 
Dent 2007; Lawrie et al. 2008), many other factors also confound and compound the reading. 
These are summarised in Table 6.16. The ECa can therefore be considered a function of the 
soil hydrological, chemical and physical properties. The chemical attributes can also vary, with a 
number of salts that can be present, as shown by the soil cation and anion analyses reported in 
the previous chapter. If SOM is included as biological properties, then this can be included also.  
 
Table 6.16. Summary of influences that can affect the ECa response, taken from other research (e.g. 
Kirsch 2006) and these results (*not investigated in this research). 
Factor Implication 
1. soil type and the amount and type of 
clay (and contained ions) 
clay being considerably more conductive than sand 
2. soil moisture/water content  water provides ions to dissociate which are highly 
conductive and water also transports salts 
3. soil bulk density  Including surface compaction, causes water and ions to get 
trapped, often in alignment with clay particles 
4. cementation (type and degree), pore 
shape and geometry (tortuosity) and 
porosity (infiltration) 
Affects infiltration, moisture content and ions 
5. ferrous minerals and materials Highly conductive (metallic fences were avoided) 
6. the type and amount of SOM Affects CEC and bulk density (and evaporite accumulation, 
hence salinity levels) 
7. particle size, shape and distribution Affects conductivity (resistance) (Friedman 2005) 
8. pore water salinity (concentration and 
type of salt) 
Both the water and ions are conductive 
9.  soil surface slake and dispersibility  related to other parameters such as SOM, amount of Na 
and other ions, porosity etc 
10. geology (lithology, geochemistry and 
structures) 
affects amount and type of clay minerals, permeability and 
porosity etc 
11. biotic factors The amount of surface vegetation, litter, humus, soil 
microbial activity (CO2) 
12. soil depth and the depth of all the 
above factors 
shallow readings compound deeper readings, especially if 
it is clay 
13. soil temperature * low temps inhibit conductivity, kept as constant as possible 
14. atmospheric temperature * Low and high temps can affect the instrument, however, 
these were kept as constant as possible 
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To complicate things further, many of the factors listed in Table 6.16 are also highly variable, 
spatially and temporally, being dependent upon seasons and rainfall.  
Additionally, Sudduth et al. (2001) found differences in measurements when taken at different 
times of the year, mainly due to soil moisture and temperature differences. They therefore 
suggested that monitoring surveys should ideally be performed at the same time of the year. 
The temporal variability shown in these surveys concurs. 
The EM data demonstrates that there is an inverse relationship with depth conductivity and the 
association with surface attributes, including surface salinity levels, scalds, and other abiotic and 
biotic indicators. This therefore suggests that in these grassy woodlands, the EM38 is the more 
useful of the two instruments for the use in both land management and ecological studies to 
attain related soil chemical and physical measurements. When the measurements are made at 
ground level, the EM31 is less useful, especially in the vertical dipole (i.e. 6m depth), indeed, 
this dipole often shows no relationship with the surface attributes and conditions. Deeper 
measuring EM instruments, such as the EM34, with an effective depth of 15-60m, are likely to 
be even less applicable. It is the AEM methodology which utilises the EM31 and in particular the 
EM34 instruments, rendering the data collected by this expensive technique of little use in these 
upland landscapes. Cook and Kilty (1992) identified that AEM was useless for shallow 
investigations, which they considered those less than 15m, thus relationships not found at 6m 
depth in this research are not surprising. Peters and Reid (2002) concluded that zones of high 
conductance seen in AEM data from a dryland salinity site at Cressy, Tasmania, reflected 
changes in thickness of the alluvial channels rather than salt content or grain size variability. 
They also found areas of moderate to high conductivity that displayed no evidence of surface 
scalding or apparent salinization, as found at these sites.  
Moreover, when the ECa is statistically tested against Patch type, the prediction that the less 
vegetated Bare Soil Patch type should have higher ECa levels than the vegetated Patch types 
is correct for the shallow horizontal dipoles, both instruments and the EM38 vertical dipole, but 
reduces for the deeper EM31 vertical dipole. The ECa for the EM31 V2 actually behaves in a 
manner opposite to what should occur if shallow saline groundwater causes the degradation, 
where the Bare Soil Patch type actually has the lowest mean of the four Patch types. This 
suggests that other more important factors influence the ECa reading at this depth and also 
disagrees with shallow groundwater being the predominant issue. 
Wherever the soil is relatively less degraded with good structure in the A1 horizon and increased 
depth to the clay B horizon, the EM38 surveys are generally considerably lower than the EM31 
readings. This anomaly changes when the soil becomes degraded and/or disturbed. This 
therefore suggests that the primary causes of the EM readings when moisture levels are 
relatively low are; 1) depth to the B horizon and 2) condition of the A1 and A2 horizons, which 
includes the amount of SOM present (relates to how degraded and/or disturbed the area is). It 
may also suggest that the soil surface water, or that which sits above the B horizon (perched), is 
sometimes more dynamic where there is scalding (or soil degradation) than the deeper 
groundwater (and/or soil water) and vice versa, as this detail is more apparent in season 2 
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following rainfall. This may also be related to the fact that many degraded areas are at low 
elevations in the landscape. 
 
The consistent positive correlations with Geology and the EM measurements (all depths, both 
seasons, except EM31V S2) suggests that parameters linked to the Silurian lithology (such as 
autogenic minerals and clays) or structural geology (such as fractures and jointing providing 
preferred flow paths), are associated with the ECa, and these appear to be accentuated with 
depth. That is, the deeper measurements from the EM31 yield stronger correlations with 
Geology than the EM38, suggesting that this effect increases with depth, as does the rock. This 
is an interesting result as Geology is one of the few variants that has a positive relationship with 
ECa and depth and it is also one of the few variants where the EM31 yields stronger 
correlations than the EM38. This association may be derived due to the increasing influence of 
the geology with depth, but the reason for this association is unclear, especially for horizontal 
dipole (shallow) measurements. 
In one of the few studies that investigates the use of EM for ecosystem processes, Johnson et 
al. (2001) evaluated field scale apparent electrical conductivity (ECa) mapping (although not 
performed with an EM38 or EM31) for delineating soil properties correlated with productivity and 
ecological properties. They found that soil physical parameters (bulk density, moisture content 
and % clay), chemical parameters (organic matter, total C and N, extractable P, anaerobic 
potentially minerizable NH4, EC(1:1), and pH), all measured biological parameters (organic matter, 
total C and N, microbial biomass C and N), and surface residue mass, were significantly 
different among four ECa classes (or factors) at one or both depths; 0 to 7.5cm and 0 to 30cm. 
Correlations between ECa (~30cm depth) and soil surface measurements (0 to 7.5cm) of 
biological activity were stronger than those between ECa and the same measurements taken at 
0 to 30cm depth. It is noted however, that these depths are considerably shallower responses 
than the EM38 and EM31 used in this research, hence affect results. Bulk density, %clay, EC(1:1), 
and pH were positively correlated with ECa, all other soil parameters and surface residue mass 
were negatively correlated. They suggested that this may show some ECa bias toward soil 
surface conditions, which is supported in this research by the generally stronger correlations 
between the biotic variants with the shallow ECa depths (i.e. EM38 horizontal then vertical) 
compared to the deeper readings from the EM31. That is, an inverse relationship is identified. 
This was demonstrated with the strong negative correlations yielded between the EM38 
measurements and many of the LFA indicators, including all the vegetation parameters (PV, RP, 
Litter, Patch), H2O2 and CO2. This suggests that EC per se is not the cause of the negative 
response. These results therefore concur with Johnson et al. (2001) in that the shallowest EM 
measurements correlate strongest with the ecological parameters. This is shown in Tables 6.8 
and 6.15, where the association between the ecosystem and landscape function attributes and 
the ECa are evident. Additionally, many of the abiotic measurements also include important 
ecological parameters, such as pH, Slake, Scald, Surface and H2O2. This result therefore 
demonstrates the applicability of the EM38 as a useful tool for ecological surveys, best utilised 
first in the reconnaissance period to obtain preliminary spatial (and temporal if required) 
information, ideally to identify areas of potential interest and subsequent further investigations. 
Furthermore, increased organic matter, as measured with H2O2, probably associated with 
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increased soil moisture retention in addition to increased salinity levels, must be major 
contributors to the high EM surface readings measured in horizontal dipole in the less degraded 
areas.  
A number of authors have discussed the applicability of the EM surveys for palaeochannel 
identification (e.g. Howlett et al. 2001; Peters and Reid 2002; Vervoort and Annen 2006). 
Although palaeochannels were not a priority in this research, they are likely to be present and 
are considered important, (e.g. Eyles 1977a,b; Kemp and Spooner 2007; Rustomji and Pietsch 
2007) hence, the EM instruments are likely to detect them. The palaeochannels are of interest 
as they may act as the preferential subsurface conduits for lateral water and salinity movement 
through the landscape. They are also the sites that become preferentially seasonally saturated 
and may therefore require specific management. A more intensive and focused survey design 
with prior identification of possible palaeochannel location identified from aerial (satellite) 
images and ground inspection may have revealed if any are indeed present. This idea deserves 
further investigation as if they are present in these landscapes and are behaving as the 
preferred flow pathways or salinity conduits, they should be managed as such, particularly as 
they potentially discharge into the present drainage system. The same situation applies to 
ephemeral surface drainage flows, which only operate during more pluvial periods but still 
influence the heterogeneity of the surface attributes and ECa response. More investigation of 
the seasonal changes in both the ECa and ratios may have identified these.  
The rapidly fluctuating and variable bulk soil conductivity measurements across the landscape 
are more likely to be due to the complex heterogeneous factors mentioned above, rather than 
simply inferring that a shallow saline groundwater process is the cause of the problem. No 
evidence was found linking the problem to unusual rising shallow groundwater. The extreme 
spatial heterogeneity, strong correlations with the surface abiotic and biotic parameters which 
decrease with EM measuring depth, often being absent for the EM31 in V dipole, in addition to 
the depth weighted ratio results, indicate that the conductivity responses and changes are 
consequent to a top down process initiated by soil and vegetation degradation and 
subsequently surficial hydrological changes, rather than a bottom up cause as the rising 
groundwater model stipulates.  
This chapter therefore addresses the thesis Questions 1 and 2 regarding surficial degradation 
processes, which has implications for Question 3 regarding impacts to biota, as these impacts 
are linked to the hypothetical toxic shallow groundwater cause. Therefore, the null hypothesis, 
that groundwater is always the cause, can be rejected. Additionally, as results suggest surface 
issues are the focus, management activities should comply, hence addressing thesis Question 6 
and Hypothesis 5 (and Null Hypothesis 6). 
The applicability of the two EM instruments used in this research are summarised in Table 6.17. 
It can be seen that the EM38 in particular, may be useful for the management of soil 
degradation and dryland salinity in upland landscapes. Prior knowledge of the system is 
required, due to the instruments stronger response to other factors when salinity levels are low, 
especially clay and moisture. 
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Table 6.17. A summary of the results obtained from both of the EM instruments.  
H and V are horizontal and vertical dipoles.  
Attribute / Effect / Use EM38 EM31 
Spatial variation Extreme - small distances Extreme – small distances 
Temporal variation Dependant on climate / rainfall Dependant on climate / rainfall 
Effect of trees Often reduces ECa, moreso in H 
dipole 
Often reduces shallow ECa, but 
sometimes increases deeper ECa 
Effect of compaction Large increase in shallow ECa 
Increase in deeper ECa 
Increase in shallow ECa 
Little / no effect on deeper ECa 
Effect of orientation Usually, a small change in ECa, 
both modes 
Often a large change in ECa, 
especially deeper (V) dipole  
Effect of thick A1 horizon 
(such as beneath trees) 
Reduces ECa both modes Reduces shallow (H) ECa, little 
change to deeper (V) ECa. 
Relationship with scalds 
(and degradation)  
Generally produces high readings, 
mainly due to shallow clay B 
horizons, and salinity  
Sometimes produces high readings. 
H dipole more so than V, mainly due 
to shallow clay B horizons, and 
salinity  
Relationship with soil 
surface EC levels 
Often produces high readings 
where degradation & salinity levels 
are high, however, unreliable 
<2000µS/cm). 
Sometimes produces high readings in 
H dipole. Inverse relationship with 
depth. Very unreliable <2000µS/cm. 
Use for upland dryland 
salinity management 
Provides additional surface 
information in both (H & V) dipoles 
– generally associated with 
degradation, clay subsoils and 
increased moisture. 
Provides additional information in 
shallow (H) dipole. Relationships 
decrease with depth. Deeper V dipole 
is less useful. 
Use for ecological 
surveys & conservation 
management 
Provides additional information in 
both dipoles, such as moisture and 
clay depths – generally associated 
with degradation 
Provides additional important 
information in H dipole – generally 
associated with degradation. Deeper 
(V) dipole is likely less useful 
 
6.6. Summary 
This chapter provides evidence that similarly to the EC(1:5), the ECa, for all measuring depths, 
can be highly variable along the transect, both laterally and vertically, in addition to temporally. 
This is especially the case at the more degraded sites with Bare Soil Patches and scalds 
located along the transect. A strong association with ECa and Patch Types is apparent with 
significant changes occurring when moving across Bare Soil and the vegetated Patches. The 
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predominant factors influencing the instruments response is depth to the clay-rich B horizon 
(hence thickness of the A horizon, especially the A1 horizon), and the composition of this clay, 
soil moisture (see Smiarowski et al. 2012) and salinity levels. Temporal variation between the 
two seasons was apparent, with ECa readings increasing in value following the moister 
conditions from rainfall. The depth weighted ratio analyses confirmed that the predominant 
changes in levels occurred within the top metre of soil, above the B horizon, evidence for a ‘top 
down’ degradation process rather than a ‘bottom up’ rising groundwater process. No evidence 
for groundwater being the main driver for the changes between the seasons was found. The 
strong inverse relationship with depth and many of the abiotic and biotic indicators, including 
EC(1:5) and the flora measurements, provides evidence that the processes and mechanisms 
responsible for the ECa response occur near the surface. The results therefore provide 
additional information for the development of a conceptual causation model, which will be 
developed further in the following chapters. The evidence is summarised in Table 6.18. 
 
Table 6.18. Results summary of task objectives and predictions shown in Table 6.2. 
Task  Objectives and Predictions Results summary 
1. Investigate spatial 
variation of ECa 
 
Degradation should show 
heterogeneity over short distances, 
according to a surface model. 
Deep measurements may not 
correlate at all. 
If a groundwater issue, spatial 
(lateral) variation should be limited, 
especially the deeper 
measurements. Also, vertical 
variation should show an increased 
relationship with depth and surface 
attributes. 
ECa exhibits extreme 
heterogeneity over small spatial 
scales. This is due to the 
multifactorial nature of the 
conductivity measurement and 
variable surficial degradation. 
Deeper measurements are not 
associated with surface attributes, 
including EC(1:5), suggesting that 
deep processes, including 
groundwater, are not involved. 
2. Investigate temporal 
variation of ECa, 
particularly hydrological 
changes (i.e between 
seasons) 
ECa should show changes from 
seasonal hydrology regimes, the 
increased moisture should 
increase ECa 
On average, ECa for all depths 
increase between season, 
indicating moisture and salts 
contained are the cause of the 
increase. The deeper EM31 (V) 
ECa do not conform. 
3. Investigate correlations 
with surface EC(1:5) 
 
ECa and surface soil EC(1:5) should 
be strongly associated. If 
groundwater is the cause of the 
problems, all EM depths should be 
associated, especially the deeper 
ones (vertical dipoles). 
Although correlation coefficients 
and regression using EC as a 
factor show strong association 
between EC(1:5) and the surface 
ECa, simple regression graphs 
indicate less association, 
particularly below 2000µS/cm. 
The effect decreases as depth 
increases. 
4. Investigate any changes 
between and within Patch 
types 
ECa should respond to different 
Patch Types, hence soil and 
vegetation degradation. Bare Soils 
Huge variation within each Patch 
Type, without any consistency. 
On average, Patch types are 
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should generally have higher ECa. 
According to the groundwater 
model, trees should have the 
lowest as their presence is used as 
evidence that groundwater is 
beneath their roots (this is not 
presumed for the surface 
degradation model) 
significantly different, with Bare 
Soil, especially scalds, having 
higher ECa and vegetated having 
less, although many trees and 
dense grass patches also have 
high ECa. 
5. Identify associations with 
the abiotic indicators for 
all EM depths 
ECa should be associated with 
many abiotic surface and 
subsurface indicators, if the cause 
of the response is degradation (i.e. 
changes in soil properties). 
ECa is associated with many of 
the abiotic factors, those 
considered to be due to 
degradation, such as slake, depth 
to B horizon, and surface 
compaction. The effects decrease 
with depth (inverse relationship) 
6. Identify associations with 
the biotc indicators for all 
EM depths. The use of 
the EM technology in 
ecological research has 
not been previously 
investigated* 
ECa may be associated to a 
number of biotic indicators, such 
as the vegetation LFA indicators 
and SOM, as vegetation decline is 
a symptom of degradation. 
ECa is associated with all the 
LFA vegetation indicators, in 
addition to SOM. The effect 
decreases with depth, EM31 in V 
dipole is not associated. 
7. Use depth weighted ratios 
to determine where in the 
profile the most change 
occurred between the two 
seasons. 
If groundwater model, the most 
change should be from deeper in 
the profile, with water ‘rising’. If 
surficial problem, most change will 
be near surface, above the B 
horizon. 
The most change, or increase, 
from season 1 to 2 is in the 
surface ~1m, which corresponds 
to the A horizon and top of the B 
horizon. 
 
The following chapter, the third of the abiotic indicators chapters, focuses on the landscape 
hydrology, both surficial and subsurface (interflow). The hydrology plays a fundamental role in 
transporting salts around the landscape, is a predominant factor that affects the ECa results and 
is a limiting factor for biota. It will be shown that the ECa response to surficial attributes shown 
in this chapter is predominantly influenced by surface water flow and subsurface lateral interflow 
above the semi impermeable clay rich B horizon. 
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CHAPTER 7 
 
LANDSCAPE HYDROLOGY 
 
7.1. Introduction 
 
This chapter focuses on the hydrological aspects of the landscape, surface water, infiltration or 
sorptivity, soil moisture and shallow piezometers to investigate interflow. An understanding of 
the sites hydrological characteristics is required to determine i) where in the profile any salt is 
being transported, ii) whether groundwater is a dominant issue associated with bare patches 
and scalds and indeed elevated salinity levels, iii) any possible hydrological changes due to the 
degradation. This includes surface water such as runoff, or overland flow, infiltration, and 
interflow, or subsurface throughflow. The subsurface measurements will assist with the 
clarification of the ECa results. 
 
The objectives are therefore to investigate the surface hydrology and also to identify 
hydrological changes at the more degraded areas, particularly scalds. The chapter aims to 
provide information to address thesis Questions and Hypotheses 1 and 2, regarding ‘causation 
processes’ but in particular, Question 5, ‘which salinity model is best?’ This is then applied to 
answering Question 6 and Hypothesis 5 and 6, ‘what are the best management practices?’ 
According to the surface water salinity models, the predominant water activity should be 
surficial, whilst the rising groundwater model is dependent on groundwater. The rising 
groundwater model also states that ‘recharge’ increases following vegetation removal, namely 
trees, hence Bare Soil Patch Types should have faster infiltration rates than those that are 
vegetated. 
 
7.1.1. Surface water 
Surface water includes ponding and runoff, or overland flow. If water can pond naturally on the 
surface it is expected that some of it will at least infiltrate the soil. Both ponding and runoff are 
important as far as biotic and salinity processes are concerned. Runoff can cause erosion of the 
top soil and sodic subsoils which play an important role in scald formation, evidence of this can 
be seen at many sites across the study region (Barnett 2000; Wagner 2001; pers. observ.). 
Runoff removes nutrients from the system, including litter, seeds and dissolved salts. It keeps 
bare patches bare. It is therefore predicted that runoff may increase when vegetation is reduced, 
such as from trees to scalds. Runoff is also an important consideration for the rising 
groundwater model, as the process requires considerable infiltration and recharge to occur, up 
slope, to increase the amount of groundwater (or reduce the vertical distance to this required 
groundwater at scalds and other saline areas). 
The EC was taken on surface water in the field when present in puddles during wet periods, 
mainly to identify toxic levels, hence possible affects to biota. The holes dug for the pitfall traps 
also provided opportunity to collect water following rainfall for testing.  
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7.1.2. Infiltration (sorptivity) 
Infiltration is the process by which water enters the soil through the surface and replenishes the 
soil moisture (Swartzendruber and Hillel 1973; Bybordi 1973). This is termed the infiltration flux 
(Swartzendruber and Hillel 1973). It is largely governed by the structural condition of the soil, or 
permeability and porosity, the nature of the soil surface including the presence of vegetation and 
litter, and the moisture content of the soil. Some of this infiltrated water may eventually recharge 
the groundwater reservoir or contribute to stream flow, or, as claimed by the rising groundwater 
model, cause salinity outbreaks somewhere downslope.  
Spatial variation of infiltration due to heterogeneity of the landscape including variations in 
geology and soil type, the presence of fungi (hyphae) and vegetative cover is expected to occur 
(Hadas et al. 1973). Any relationship between infiltration and Patch Type will also be 
investigated, with the prediction that degradation may cause conditions that reduces infiltration 
rates. Infiltration measurements are achieved using permeameters at the survey stations. 
 
7.1.3. Soil Moisture 
 
The soil water balance is central to land productivity and sustainability of this productivity (Cass 
1999). Soil moisture is the main water resource for agriculture and vegetation, affecting not only 
the vertical fluxes of energy and water (moisture), but also the horizontal fluxes, namely runoff 
and interflow (Robock et al. 2000). Wei (1995) points out that soil moisture serves a critical role 
in shaping the ecosystem response to the physical environment. From an ecological point of 
view, the pools of soil moisture are fundamental ecosystem resources providing the transpirable 
water for plants, whilst in drylands particularly, soil moisture is one of the major controls on the 
structure, function, and diversity in ecosystems (Robinson et al. 2008). Near-surface soil 
moisture controls the partitioning of available energy at the ground surface into spontaneous 
latent heat exchanges with the atmosphere (i.e. evaporation), thus linking the water and energy 
balances through the moisture and temperature states of the soil (Robock et al. 2000). In 
addition, Wei (1995) notes that sufficient knowledge of the distribution and linkage of soil 
moisture to evaporation and transpiration is essential to predicting the reciprocal influence of 
land surface processes to weather and climate. This water balance can be impacted by hydro-
mechanical processes such as dispersion and slaking, and erosion, in addition to compaction by 
stock hooves and traffic (Robinson et al. 2008).  
Soil moisture was therefore investigated to determine if it is associated with the surficial 
degradation and elevated salinity levels, and if so, it could therefore be expected to be positively 
correlated with a number of the other important biological and physical attributes, such as SOM, 
and Scalds. This should also follow for Patch Type, with the more vegetated areas likely to have 
higher soil moisture levels. 
7.1.4. Subsurface water  
The initial plan was to collect soil profile data and groundwater levels from each site to 
investigate vertical changes, especially in pH and EC, identify the presence of shallow 
groundwater and other important hydrological factors, in addition to groundtruthing the EM data. 
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Holes were therefore augered at the three main sites, 1, 2 and 3 at scalds (Bare Soil Patch 
Type) and a number of vegetated non scalded stations at each site. If groundwater was the 
cause of the scalds it should be present at shallow depth below the scalds. The salinity of any 
groundwater present is also important for causation and also for large eucalypts growing 
nearby. 
 
Shallow piezometers were set up to investigate surface soil hydrological flow characteristics and 
to determine whether groundwater was to be found within the profile auger hole depth. 
According to the surface water salinity models, it was expected to find the predominant 
hydrological flows close to the surface, such as laterally through the A horizon, when present, 
above the clay-rich B horizon.  
 
7.2. Methods  
7.2.1. Surface water 
Surface water, or rainfall ponding and runoff, was observed whilst at sites during and following 
storms. Data was collected following storms during the second pitfall trap survey when the traps 
filled with rainwater, despite the traps being set 10mm above the ground surface and lids placed 
to avoid water entering the trap. As all sites were affected, the data was used in the analyses. 
 
7.2.2. Infiltration 
 
Soil surface infiltration was measured with 200mm diameter x 80mm depth galvanised steel 
rings, or discs (permeameter) (1.5mm thick), hammered into the soil to a depth of 25mm.  All 
litter was removed from the surface to attain bare soil. Infiltration measurements were 
performed prior to the soil respiration surveys (using the same discs), which were performed on 
only five sites due to time constraints and problems with interference, Sites 1, 2, 5, 6, 7. Once 
the discs were in place, 250ml of collected rain water was sprinkled into the exposed disc, 
covering the soil surface to a depth of approximately 8mm. This is equivalent to a natural rainfall 
event. Time for the water to infiltrate the soil was recorded in minutes. Measurements were 
taken in minutes when the water stopped glistening at the surface.  
 
7.2.3. Soil Moisture  
Soil moisture was analysed in the laboratory on the 50 soil subsamples, and calculated as air-
dried moisture content in percent, as such; 
Air dry Moisture % = Weight of moisture g x 100% 
              M%                Weight of oven dry soil g 
Soil was dried in the oven at 105⁰C. 
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7.2.4. Subsurface water – Slug tests and Piezometers 
 
A number of ‘slug tests’ were performed at Sites 1, 2 and 5 during March 2006 following a 
relatively hot dry summer when soils were relatively dry, to investigate surface seepage rates 
through the A and B Horizons. Holes 40cm deep were augered into the A2 and B horizons then 
filled with water, recording the time taken to seep out recorded. Lids were put over the holes to 
prevent rainwater from entering. 
 
Shallow piezometer installation at the 3 case study sites using 50mm PVC pipe was as follows;  
 
1) Approximately 50-80cm deep, through the A Horizon and ~20cm into the B horizon clay, with 
a closed base and numerous 8mm diameter perforations in the upper section to capture any A 
horizon interflow. The depth of the pipe and location of perforations were determined by the 
depth to the B horizon. The soil was compacted around the pipe at the surface to prevent water 
leakage down the pipe walls. The objective of these piezometers was to collect any water 
travelling through the A horizon, not to monitor exact levels;  
 
2) Approximately 50-80cm deep pipe firmly placed into the B horizon, similar to 1), but with an 
open base and without perforations, to capture any upward moving water (i.e. from ‘rising’ 
groundwater);  
 
3) The same as 2) but the holes were usually augered deeper into (and possibly through?) the B 
horizon, up to 3.8m depth at Site 1 and 1.6m depth at Sites 2 and 3, with an open base. The 
maximum depth augered was restricted due to the difficulty in both augering into and extracting 
the auger out of the clay. Problems then arose trying to insert the plastic pipe into these holes 
due to restriction from the clay, hence the pipe did not reach close to the base of all the deeper 
holes, only reaching to a depth of 80cm – 1.5m maximum. Addtionally, no sealing (such as clay 
or bentonite) was used to seal the pipe from downward leakage due to the tight fit. Therefore, 
the pipes leaked, especially after rainfall, effectively collecting surficial interflow and not 
groundwater. Hence, the collection of the deeper water level measurements ceased. It should 
be noted that the shallow depth of installation and the construction style was not typical of usual 
piezometers, but they are termed as such in this thesis nonetheless. 
 
4) the holes dug for the slug tests were later drained and dug again and used to investigate 
surface flows by simply collecting water flowing through the A horizon. Water levels were 
inspected for a few months. 
 
All piezometers had plastic lids made to prevent rain water entering. Figure 7.1 summarises the 
piezometer installation and Figure 7.2 shows the survey station at Site 2 (T12/st2). 
 
The piezometers were constructed in January and February 2006 and generally checked daily 
for about a week, then weekly, then monthly for about 6 to 8 months.  
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Water levels were measured with a tape measure and samples collected with a 100ml plastic 
container (tube) on thin wire and usually measured in the field for EC and sometimes pH. The 
EC and pH was also commonly measured in the piezometers using an extension lead for the 
sensor. A number of water samples were collected for cation and anion analyses. The EC and 
pH was of interest as fluctuations would be expected if being fed from above, whilst more 
consistent levels would be expected if groundwater was involved. 
 
 
 
Figure 7.1. Summary of the shallow piezometer installation, showing a) pipes with open end firmly placed 
into B horizon; b) similar depth to a) with closed end and perforations at depth of A horizon; c) and d) 
holes dug to 150 to 380cm and pipes inserted to 100 – 120cm depth. It was not determined if the C 
horizon was reached. The pitfall traps were used to quantify surface flow and ponding. 
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Figure 7.2. Three shallow piezometers constructed at different depths, Site 2, T12/st1 (note the possum 
and kangaroo scats). 
 
 
7.3. Results 
 
7.3.1. Surface water 
 
During the first pitfall trap survey only a few traps filled with water, however, during the second 
survey, with a number of storms with heavy rainfall events (each event ~15mm of rapid rainfall) 
during September, 41% of the traps filled with water (108 in total), at both high and low 
elevations, indicating that ponding and runoff, or overland flow depth (>10mm), is significant at 
the sites. This was confirmed at most sites after being observed during storms and periods of 
considerable rainfall (Figures 7.3 and 7.4). An exception was Site 3 where only 6 out of the 48 
stations filled with water.  
 
It was predicted that runoff and ponding would predominantly occur at smooth bare surfaces 
such as scalds, however the results did not confirm this, rather, overland flow and ponding due 
to storms occurs ubiquitously across the landscape. This is shown in Tables 7.1 and 7.2.  
 
 
Table 7.1. Overland flow (runoff) results in percent on Scalds and non scalds (vegetated areas), showing 
a small difference between the two however, no significant difference between the means.  
 Scald Non scald 
mean 0.35 0.42 
SE 0.08 0.03 
SD 0.48 0.49 
 
 
Table 7.2. Patch type and runoff means, SE and SD in percentages. Note no significant difference 
between Patch types, with 41% total filling with water. 
Patch Type Mean SE SD 
Bare soil 0.42 0.09 0.50 
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Sparse grass 0.40 0.06 0.49 
Dense grass 0.40 0.06 0.49 
Treed 0.42 0.05 0.50 
 
 
Overland flow was also sufficient to displace a number of log discs used for the biota surveys, 
and in one case at Site 9, a number were washed away and lost. Securing stakes were required 
for the replacements.  
 
Overland flow (Runoff) did not show any strong correlations with any other variants, the 
strongest being positively with Pine discs Worms (p<0.05) and negatively with Pine discs Ants 
(p<0.01). The regression analysis indicated that Runoff was however, significantly associated 
with ECfac (P<0.001), a consequence of increased flow velocities that would occur across the 
usually smooth gently sloping bare surfaces where EC levels are often elevated, rather than the 
EC per se. 
 
a)   b) 
Figure 7.3. Rainfall ponding and runoff at Site 1 (station 1, Transect 1 seen in b) following a summer 
storm with 12mm rainfall. This was commonly observed at all sites. 
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 a)         b) 
c) 
Figure 7.4. Overland flow a) Displaced pebbles from a single storm with 12mm rainfall; b) a small erosion 
shute formed from the same storm event, showing erosive processes at scalds and; c) eroded drainage 
line, Site 7 (Coolalie TSR), showing thin A horizon on highly dispersible clay B horizon. 
 
 
7.3.2. Infiltration  
 
Infiltration rates were highly heterogeneous over small spatial scales at the five sites surveyed 
as shown in Table 7.3, ranging from 1 minute (i.e. almost instantaneous) to more than 48 hours 
and the large differences often occurred along the same transect. Three discs at Site 2 with a 
relatively thick litter A0 horizon beneath trees still contained water after the 48 hours monitoring 
and were taken as 3000mins, plus one reading of 2500mins and two of 1500mins (Figure 7.5), 
suggesting that organic matter and fungi contained in the A0 horizon may be causing the 
hydrophobicity.  
Extreme variation was shown at Site 2 along Transect 5, with readings 9mins and 3000mins 
20m apart, and Transect 6, with 7mins to 3000mins 30m apart. Only one of the extreme values 
(1500mins) was taken from a scalded area at Site 1 with elevated EC levels, although this did 
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have Sparse Grasses, including planted tall wheat grass. Woodlands and grasslands often had 
relatively fast infiltration rates (e.g. Site 1 Transect 6 and Site 6 Transect 1 and Transect 2) as 
shown in Table 7.3 although, fast rates were also measured on scalds that had aggradational 
unconsolidated (loose) areas, such as at Site 5 Transect 4 with 4-6mins infiltrating time.  
 
Table 7.3. Means, SE and SD of infiltration times in minutes with Patch Type, showing huge variation, 
mainly due to the extremely long times occurring at Sparse Grass and Treed Patch types. Means are not 
significantly different.  
Patch Type Mean (mins) SE SD 
Bare soil 23.32 4.47 20.96 
Sparse Grass 126.17 58.52 346.22 
Dense Grass 27.42 6.02 29.49 
Treed 329.00 119.36 818.27 
No relationship was evident when all five sites were analysed against EC levels. It could be 
expected that high EC levels may be associated with slow infiltration rates (large numbers), 
which may induce evaporite deposition from the water evaporating, however this did not occur. 
The highest levels were the extreme levels in the vegetated locations with low EC levels. Only 
one point had both high EC levels and slow infiltration rates. 
Infiltration showed few correlations, although, it was strongly correlated (p<0.001) with EM31V 
S2 (i.e. 2nd survey in spring), the only strong correlation with the EM31V S2. The regression 
analysis yielded no associations. 
 
7.3.3. Soil Moisture 
The minimum level in the top 5cm was 0.44% and maximum 3.55% with an average of 1.33%. 
The sample with the highest moisture % was from Site 3 at 25cm depth with 4.12%. One of the 
other deeper samples also had a high percentage of moisture, likely due to the increased 
amount of clay at the deeper levels.   
 
Moisture and Patch Type 
It was predicted that soil moisture would change with increased levels of degradation, hence 
was expected to find higher levels at Dense grass and Treed Patch Types. If shallow 
groundwater was the prime cause of Bare Soil scalds, then it could be expected that scalds 
should be inherently moist. 
It can be seen that although on average, moisture levels do increase with more vegetation, this 
is not always the case (Figure 7.5 and Table 7.4) and the means are not significantly different. It 
is also shown that the greater variation occurs at the more vegetated areas and low moisture 
levels are found in all Patch Types. When means are calculated for Scalds and Non-scalds, 
shown in Table 7.5, a result is achieved, with a slight increase in moisture levels with vegetation 
(non-scald), but means are not significantly different. 
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Figure 7.5. Patch Type and Soil Moisture, showing a slight association with increasing moisture as 
vegetation increases however, the means are not significantly different. 
  
Table 7.4. Patch Type and Soil Moisture means, SE and SD, showing on average, an increase in soil 
moisture as vegetation increases, although means are not significantly different. Also, greater variation as 
vegetation increases. 
 Mean SE SD 
Bare Soil 0.99 0.14 0.55 
Sparse Grass 1.12 0.25 0.65 
Dense Grass 1.27 0.22 0.75 
Treed 1.80 0.27 0.95 
 
 
Table 7.5. Soil moisture percent and Scald/non-scald, showing a slight increase in moisture at non scalds, 
however, means are not significantly different (P=0.03). 
 Scald Non scald 
mean 0.95 1.44 
SE 0.09 0.16 
SD 0.38 0.89 
 
Air dried moisture was correlated with a number of the total and exchangeable cations, including 
CEC and SAR, in addition to SOC and nutrients N and P as shown in Table 7.6. It was not 
however correlated with SOM. The importance of clay to productivity in these soils is already 
recognized (e.g. Wagner 2001), and the association between the cations fertility and moisture 
confirm this. The importance of moisture and clays to ecosystem process is also imperative. 
 
 
                   Bare soil           sparse grass          dense grass              treed 
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Table 7.6 Summary of 50 soil subsamples showing significant correlations (positive and negative) with 
Moisture (Air Dried).  
t = total cations; ex = exchangeable cations (note that exchangeable cations were analysed on 48 
samples); SOC = organic carbon, Patch = bare soil, dense/sparse grass and trees. ASWAT = Aggregate 
Stability in Water. The p values are divided into columns. 
 +0.001 +0.05 -0.001 -0.05 
Moisture Al-t, Ca-t, K-t, Mg-t, SOC, N, PO4, 
Ca-ex, Mg-ex, CEC, SAR 
Fe-t, P, Fe-ex, Na-ex, 
Slake, Patch 
 ASWAT 
 
 
7.3.4. Subsurface Water 
 
7.3.4.1. Slug tests 
All the holes within the A2 horizon seeped out by the following day, whilst the deeper holes into 
the B horizon lost water down to the top of the clay then remained in the hole for more than a 
week, with little change to the level, indicating that the A horizons are relatively permeable whilst 
the B horizons are not.  
 
7.3.4.2. Shallow piezometers 
 
Importantly, no groundwater (or surface water) was encountered within any of the holes dug 
(3.8m maximum depth) whilst augering. All holes dug were dry. The following day however, 10 - 
40cm depth of water and mud was present in the deeper holes, indicating either a pressure 
head from a watertable below, or, seepage due to gravity down the sides of the hole from the A2 
horizon interflow above. It was found to be seepage, as reported below. The piezometer results 
are summarised in Appendix 7.1 and schematically shown in Figure 7.6. 
 
Perforated piezometers 
 
All of the perforated piezometers collected water within a few days following rainfall, where 
levels were usually at the base of the perforations, unable to leak out of the sealed pipe. 
Although these levels were not monitored, it was noted that they did rise slightly following 
rainfall (storms), usually within a few hours, or the following day.  
The water was also often quite saline, especially at the degraded bare scalds, the highest EC 
measured of water collected from these piezometers was 19,600 µS/cm at Site 2 (T7/4) 
however, this extreme value was an anomaly and was likely affected by a drainage channel 
running from higher level of the site where historic gold diggings were located. Deeper 
measurements with non perforated piezometers at the same survey station indicated a slightly 
less but still extreme solute level of 5400 µS/cm, indicating disparity between the two levels with 
the most elevated levels nearer the surface, within the A2 and/or top of the B horizon. Most other 
samples were usually below 4000 µS/cm but did reach ~6000 µS/cm.  
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Open-ended piezometers 
 
All of the open ended piezometers without perforations placed at a depth into the B horizon and 
firmly to the base of the hole remained dry, indicating that during the monitoring period, no water 
was rising through the semi impermeable clay from below, at least to this depth.  
 
All of the deeper holes where the pipes did not extend to the bottom of them contained some 
water after the first rain event (Appendix 7.1). The water levels in the three deeper piezometers 
at Site 1 contained about 40cm of muddy water the following day after installation and fluctuated 
in depth and salinity throughout the 6 month monitoring period, generally between about 40 to 
150cm of water and mud in the pipes. The amount of mud was considerable, effectively 
reducing the hole depth, affecting the results (water levels). 
 
Different water levels in the two deeper piezometers (180 and 380cm deep) ~50cm apart, at 
Site 1 T3/st2, at the same time indicated that the origin of this water was from leakage down the 
hole (i.e. from the B horizon). This leakage was also confirmed by digging extra holes which 
were dry, adjacent to the deeper holes which had water/mud in them. Monitoring the levels of 
the deeper holes was therefore abandoned. Large fluctuations spatially and temporally are seen 
in Figures 7.7 and 7.8, with less fluctuation in Figure 7.9 from a Treed Patch Type. 
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Figure 7.6. Results summarized from the piezometers at Sites 1, 2 and 3, showing no water entered 
piezometers a) and c) where the pipe extended to the base of the hole, during the monitoring period. 
Holes where the pipes were not extending to the base received salty water leaking down the sides from 
above the B horizon, affecting results. Piezometers b) contained water that was often quite saline, 
indicating that the predominant water movement in the profile is laterally through the more permeable A 
horizon, above the semi-impermeable B horizon. Piezometers d) which did not extend to the base of the 
hole had fluctuating levels of water and mud. It was not confirmed that the C horizon was reached. 
 
Lastly, the holes without pipe casings collected saline water after just a few days, and this level 
fluctuated depending on recent rainfall, the change often occurring within a few hours. During 
cooler wet periods during the following winter months, the holes were full of water due to 
perched watertables. This therefore, also indicates that these were being fed from the A horizon 
interflow. 
 
 
Figure 7.7. Water EC concentrations taken from Site 1 T1/3, piezometer depth 160cm, Bare Soil Patch 
Type (scald) over a 2 month period in 2006. The dip on the 18th January may be associated with three 
days of rainfall prior to the sampling. Note rapid daily changes, such as decrease from the 17th to 18th 
then increase 19th. It is also interesting to note that surface water EC measurements taken at the same 
time are considerably higher than the deeper piezo levels, suggesting a surficial influence. 
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Figure 7.8. Water EC concentrations taken from Site 1 T3/2, piezometer depth 380cm, Bare soil Patch 
Type (scald) over a 2 month period in 2006. The dip on the 18th January may be associated with three 
days of rainfall prior to the sampling. Note rapid (daily) changes, such as decrease from the 17 th to 18th 
then increase 19th. 
 
 
Figure 7.9. Water EC concentrations taken from Site 1 T6/3, piezometer depth to 150cm, an example of a 
Treed Patch Type. The piezometers from the Treed Patches generally produced lower EC levels than 
those from Bare Soil Patch Types, although were often still saline. 
 
EC measurements of water collected at the soil surface in the discarded pitfall traps whenever 
they were full, sometimes had salinity levels to almost 6000 µS/cm, found on some of the bare 
scalds a few days following rainfall. However, the EC levels were usually much lower, rarely 
above 500 µS/cm. These surface EC levels were usually higher at bare scalds and were also 
sometimes considerably higher than the deeper piezometer water EC levels. 
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7.4. Discussion 
 
7.4.1. Surface water 
Considerable runoff accounts for the extensive erosion that often occurs at many of the highly 
degraded sites and also indicates that one of the predominant flows of water in these 
landscapes is surface runoff. It also documents the predominant process that removes not only 
water, but surface litter, seeds and organic matter and thus nutrients from the system. This 
exacerbates the degradation. This top down erosive process is a major cause of scald formation, 
expansion and persistence (Wagner 2001). These overland flows can be generated from both 
“infiltration excess runoff” (i.e. Hortonian flow or rainfall excess) and “saturation excess runoff” 
(Horton 1945). Therefore, it is critical to include runoff minimization or water retention for the 
management activities of these degraded sites. Runoff is further discussed in Chapter 11. 
As runoff was considerable at all sites during rain storm events, it needs to be considered when 
formulating a causation model, that is, as much of this runoff water ends up at the lower parts of 
the landscape where degradation is often severe and soil salinity levels are often elevated 
(Wagner 2001; Hughes et al. 2006). Therefore, this surficial water accumulating in the lower 
areas will more likely have a predominant downward flow of water under gravity, rather than an 
upwards movement against both gravity and this infiltrating downwards moving surface water.  
 
7.4.2. Infiltration  
 
Although surface infiltration does not directly measure ‘recharge’ as such, it can be assumed 
that recharge (and percolation) will be dependent upon infiltration, or sorptivity rates. Results 
indicate that this parameter shows considerable heterogeneity between and within sites. Soils 
with a deeper A horizon beneath trees sometimes showed slower infiltration rates than the more 
exposed degraded soils, although this was not always the case. Occasionally these soils 
appeared to be hydrophobic, possibly due to the amount of humus and fungal material in the A0 
and A1 horizons (Grundmann and Debouzie 2000; Buczko and Bens 2006).  
Results suggest that infiltration rates are often more rapid where there is less vegetation, such 
as Bare Soils, which effectively increases the amount of downward moving water at the 
degraded zones, negating any idea of predominant upward hydrological forces. Although Treed 
Patch types contain surface horizons that are hydrophobic, the effect is likely to be localised at a 
small scale, as many infiltration rates were also very rapid. The extreme infiltration 
heterogeneity indicates that although infiltration might be slow in places, overall infiltration rates 
beneath the tree are likely to be faster than the slow rates suggest. This therefore agrees with 
the suggestion that trees may behave like soil water ‘wicks’ (IEA 1987; Laing et al. 1988; Moore 
1998; Eldridge and Freudenberger 2005).  
Infiltration is discussed further in the LFA Chapter 11. 
 
7.4.3. Soil moisture 
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Moisture retention and availability is dependent upon porosity, that is, transmission pores 
between aggregates and storage pores within aggregates (Charman and Murphy 1993). This is 
determined by the soil structure, which includes the amount of SOM (i.e. correlations with N and 
C) and the texture (i.e. clays). The capacity of the soil to store water which can be utilised by 
plants affects both the length of the growing season and their survival during periods without 
rain such as droughts. Microbial activity is also affected by changes in the availability of soil 
moisture (Orchard and Cook 1983), as are other soil invertebrates, particularly earthworms and 
termites (Lee and Wood 1971). 
As the soils at the study sites are all deficient in (air dried) soil moisture levels, generally being 
less than 1%, and although being acknowledged as being spatially and temporally variable 
(Robock et al. 2000; Western et al. 1999, 2004), it is likely that this parameter is limiting 
ecosystem function and hence biota. It is therefore apparent that the soil moisture capacity and 
retention requires further consideration in management activities at upland degraded sites.  
It is also worth noting that vertical upwards salt movement through the profile, as claimed for the 
rising groundwater model, requires soil moisture, hence the low moisture levels in these soils 
should prevent this. When moisture levels are higher, such as wetter periods, the movement is 
expected to be downwards under gravity, hence more moisture cannot assist the upward 
movement of the ions in solution. 
The strong correlations yielded between moisture and most of the total recoverable cations and 
all exchangeable cations except K, and strong correlations with C, N, P and CEC indicate the 
likely association and importance between moisture and soil biological and chemical attributes, 
including fertility. The strong correlations with Moisture and the cations may be due to the 
increased cation levels within the clay. This likely predominantly causes the affect of moisture 
on the ECa readings, shown in Chapter 6. It was however surprising that Moisture was not 
correlated with EC, Scald and pH. 
 
7.4.4. Subsurface water 
The shallow piezometers at the three sites provided useful information as to identifying where in 
the soil profile the predominant water movement was occurring. This water flows laterally 
downslope and above the B horizon and is at maximum levels immediately following storms and 
when precipitation is excessive or consistent for requisite periods, such as during the cooler 
months. Water accumulates and the soil saturation point is exceeded, with a perched watertable 
often forming on top of the B horizon. This supports the view that the predominant hydrological 
processes in these landscapes are surficial, dynamic, periodic and seasonal, and spatially 
variable. Similar conclusions were presented by Kreeb et al. (1995) and Murray (1996) on the 
Northern Tablelands of NSW. Previous work investigating surface and groundwater in the 
region (Nicoll 1993), in similar upland landscapes in Victoria (Edwards and Webb 2006) and 
Western Australia (Whittington 1976, Paulin 2002) indicate that the two do not mix, which is also 
evidently the case in these landscapes. Any inferred causation processes need to consider 
these results.  
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If we assume that excess salinised water was actually rising vertically from below, such as the 
rising groundwater model claims, it should be independent of these surficial lateral flows 
mentioned above, until it reaches the top of the clay-rich B horizon, where the lateral flows are 
dominant. The rising groundwater model does not consider these lateral flows, in which many 
cases are likely to be natural. The spatial factors associated with these events must also effect 
ecological and landscape heterogeneity. Dominant surficial lateral flow negates the rising 
groundwater model as it requires vertically rising water to be dominant. 
It is also worth noting the presence of healthy trees and grasses growing adjacent to, and 
surrounding, most scalded areas where the water in the piezometers was very saline (i.e. >5000 
µS/cm), despite no apparent adverse impacts to the vegetation. This is addressed in chapter 8. 
An extension of this research would be to investigate the surface hydrology characteristics of 
more sites in more detail, such as the studies performed by Hughes et al. (2006, 2008), Crosbie 
et al. (2007, 2008) and Summerell et al. (2006). This could be performed with periodic EM38 
(and EM31) instruments, deeper piezometer installations, and soil surface surveys and 
measurements. Isotopes could also be investigated to identify any relationships between 
surface and deeper hydrology if this was located. It is likely that identifying relationships like 
these at small scale sites and applying the considerations at medium and larger scale sites 
would be a valuable exercise.     
7.5. Summary 
Evidence indicates that the predominant movement of water at these sites is laterally across the 
surface as overland flow and above the semi-impermeable clay-rich B horizons; as interflow. 
This water often has high salinity levels, which can fluctuate spatially and temporally, suggesting 
that an association with surface processes and degradation is likely.  
All of the samples measured had low soil moisture levels, less than 1%, hence is likely to be a 
limiting factor for biota. Infiltration was often highly variable along transects, and showed no 
relationship with any other measurements. 
No evidence for the presence of shallow groundwater was found beneath any scalds at the 3 
sites investigated. No evidence was found that any water was ‘rising’ through the B horizon, 
even following rainfall events. All the evidence indicates that surficial hydrology, particularly 
overland flow, requires management, not groundwater. 
The chapter therefore provides evidence to assist the answering of Questions and Hypotheses 
1 and 2, regarding ‘causation processes being surface or groundwater driven’, Question 5 as to 
‘which conceptual causation model’ is most sensible, hence Question 6 and Hypothesis 5 and 6 
regarding ‘the best management practices’. 
The following chapters will test whether elevated salinity levels are toxic to biota and identify 
changes in soil biological attributes associated with soil and vegetation degradation. Additionally, 
the information will be used to validate the mechanisms associated with degradation 
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CHAPTER 8. 
 
FAUNA 
 
8.1. Introduction 
The first of the biota chapters, the objective of this chapter is to primarily answer Question and 
Hypothesis 3; ‘elevated soil salinity levels adversely impact all terrestrial fauna and flora species, 
scalds are biological deserts’ and therefore, ‘dryland salinity is a threatening process’ to 
terrestrial biota. Question 4 regarding ‘endemic species for management’ is also addressed. As 
it has been reported, is predicted that fauna abundance and diversity should be diminished 
wherever elevated salinity levels occur, particularly at Bare Soil Patches and especially on 
scalds. The null hypothesis predicts that endemic biota has evolved with naturally elevated soil 
salinity levels hence a number of species at least, should be adapted to the conditions and 
exhibit no obvious adverse effects. 
The chapter is constructed such that fauna considered the most strategic to address the 
questions and hypotheses are identified, the methodologies to observe and count these animals, 
then comparison of the biomass and biodiversity data, measured as taxa number, with elevated 
EC and pH levels, Patch Types and scalds. Associations between fauna and symptoms of 
degradation are also investigated. 
 
8.2. Biotic surveys 
The primary objectives of the biotic surveys were to identify presence and to provide data to 
assess the impacts of increasing salinity on organisms, including producers (chiefly vascular 
plants), consumers (herbivores such as grazers, and carnivores such as scavengers and 
predators) and decomposers (microorganisms and many other invertebrates). As these three 
functional groups represent the three major functional components of the ecosystem, they are 
essentially the structural units also (Begon et al. 1994). This should enable answering the thesis 
questions and hypotheses listed above, mainly whether these degraded patches are devoid of 
life due to the degradation. 
Considering there has been few studies on the interactions between salinity and terrestrial biota, 
particularly in the grassy woodlands of southeastern Australia, information obtained will also add 
to this knowledge base. 
 
8.2.1. Macro invertebrates 
Terrestrial macro invertebrates make most useful indicators of habitat composition and what 
may generally be referred to as habitat quality (Curry 1994; Majer 1987; Goldsmith 1994; 
Kimsey 1996; New 1998; Oliver et al. 1998, 1999; Oliver and Beattie 1996a,b; Dangerfield et al. 
2003, Dawes-Gromadski 2003, 2005). Invertebrates play a vital role in soil aeration and 
drainage, litter decomposition and nutrient cycling, pollination, seed distribution and survival, 
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plant predation and in the provision of food for insectivorous invertebrates and vertebrates 
(Majer 1987). Relative advantages of invertebrate surveys for habitat quality indicators and their 
use in this research are summarised in Table 8.1. 
Because of the enormous number of insect species and the many different biological 
adaptations, invertebrates are sensitive indicators of habitat quality and richness (Anderson et al. 
2002, 2004; Anderson and Majer 2004). The most informative groups for these assessments 
are insect herbivores and detritivores (primary consumers) because these are directly linked to 
plant communities and are therefore directly susceptible and sensitive to disturbances and any 
prolonged environmental stress (Kimsey 1996). Certain groups occupying different niches 
during different life stages designate them sensitive environmental indicators (Kimsey 1996). 
Predators and parasites may be less informative because they are less likely to be directly 
influenced by environmental conditions, such as vegetation structural diversity, or Patch Type, 
than by prey or host availability (e.g. indirectly influenced or possibly not at all).  
Considering previous research and reports described in Chapter 2, which suggest that salinity is 
toxic to biota, it is predicted that elevated salinity levels should have a significant impact to 
invertebrate diversity and numbers. Indeed areas with extreme EC levels should be biological 
deserts.  
However, as elevated salinity levels are a natural phenomenon on the Southern Tablelands of 
NSW, and probably have been for millennia, termed primary salinity and discussed in Chapter 2, 
many invertebrates should exhibit a degree of salt tolerance, being co-adapted to relatively high 
and/or fluctuating/variable salinity levels. Indeed, some species may even exploit elevated 
salinity levels and actually require it for various reasons. 
 
Table 8.1. Summary of the benefits of using invertebrates for faunal indicators to address the relevant 
question and hypothesis in this research 
Benefits of invertebrate focus in this research Author 
Invertebrates are abundant and are therefore readily found Hutcheson et al. 1999; Anderson et 
al. 2004; Dawes-Gromadzki 2005 
Invertebrates are relatively easy to sample and study*, with local 
relevant experts at the CSIRO Entomology Division 
*Oliver et al. 1995 
 
As habitats generally contain many invertebrate species, 
invertebrate sampling usually supplies material that yields a 
large amount of information 
New 1998; Oliver and Beattie 
1996a,b 
This includes the identification of a number of functional groups, 
such as decomposers, predators, scavengers, etc, thereby 
providing data comprising a more diverse community 
Kimsey 1996; Wilson 1988 
Many invertebrate species occupy specialised niches or higher 
trophic levels, and may therefore indicate the status of particular 
habitat factors or food resources 
Wilson 1988, 1992 
Many invertebrate species are responsive to changing 
environmental conditions 
Kremen et al. 1993; Majer 1997; 
New 2002 
Many invertebrates, such as ants and termites, are spatially 
fixed, which means that the competitive interactions are confined 
Harper 1981; Anderson 1991 
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to well defined zones 
These zones can generally be considered at small spatial scales 
which in many cases, is more useful to detect changes at these 
levels. Additionally, spatially fixed animals probably indicate 
tolerance across temporal scales. 
Yen and Butcher 1997 
In most cases, the much simpler identification of morphospecies 
can be used as a surrogate for species 
Oliver and Beattie 1996a 
Invertebrates directly and indirectly affect the processes of C & 
N mineralisation carried out by microorganisms over a wide 
range of spatial and temporal scales 
Anderson 1988 
Invertebrates have major effects on these fungal and bacterial 
activities, both directly, through feeding and excretion, and 
indirectly, by affecting the microbial environment in the soil. 
Anderson 1988 
Affects are likely to be more pronounced in smaller areas as 
biological functions are performed through a determined number 
of species and the biological load carried by invertebrates in 
restricted habitats is increased. 
Majer 1987; Oliver et al. 1998 
As soil invertebrates are in close contact with the soil, they 
should be impacted from direct effects of degradation, including 
elevated soil salinity levels. 
Anderson et al. 2002, 2004; Baker 
2008 
 
 
Ants, termites, earthworms, beetles and spiders 
As ants, termites and earthworms are in constant contact with the soil and saline/sodic 
conditions, are dependent on water, and play major roles in soil processes and ecosystem 
services, as summarised in Tables 8.2 and 8.3, they are a focus for this research. Termites and 
ants are also considered to be important keystone grassy woodland species (Wilson 1988). 
Additionally, there are a limited number of termite species expected to be found, and identifying 
them is relatively easy.  
Termites are dependent on a moist environment, which they control within the nest. 
Nasutitermes exitiosis have been found to control their nest humidity at a constant 90% (Fyfe 
and Gay 1938). For this reason, termites are usually found in areas of a relatively constant 
water supply, especially important during times of drought. As the high solubility of salt ensures 
that it is transported wherever water flows, and the Southern Tableland  soils are naturally sodic 
and saline, it is likely that termites of these grassy woodlands may be relatively salt tolerant. The 
importance of termites in these grassy woodlands is summarised in Table 8.3. 
Dawes-Gromadski (2004, 2005), Watson (1988) and Lee and Wood (1971) discuss the 
importance of termites in temperate grassy woodlands, suggesting that they are often 
considered a keystone species. E. O. Wilson (1988) indicates that in many grassy woodland 
ecosystems around the world, termites are indeed a keystone species, in that they underpin the 
health of the entire ecosystem, where the loss of a single species can subsequently cause the 
ecosystem to collapse, and other species to become extinct. 
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Earthworms are likely to be equally important, providing many similar benefits as termites and 
ants, despite the predominant species in these grassy woodlands being exotic European 
species (Buckerfield et al. 1997; Geoff Baker pers. comm. 2004).  
 
Table 8.2. A summary of the benefits and importance of ants in Southern Australian ecosystems. 
Feature Reference 
Ants are a major influence on soil structure and soil 
aeration/permeability 
Lobry de Bruyn & Conacher 
1990 
Being scavengers, they increase nutrient cycling Greenslade & Greenslade 1984 
Ants are important predators and competitors of other arthropods Anderson 1991 
Ants are prey to a wide variety of reptiles, frogs, birds and 
mammals, in addition to other arthropods 
Anderson et al. 2004 
Ants often have a major influence on plant growth, reproduction and 
germination 
Buckley 1982, Beattie 1985, 
Huxley & Cutler 1991 
Ants are considered to be opportunistic colonizers, being the first 
animals to become established in newly exposed or disturbed 
habitats, making them important at degraded sites 
Anderson 1990; Agosti et al. 
2000; Richards 1987 
The relative abundance of ant species is strongly influenced by 
habitat disturbance, often resulting in an increased abundance of 
opportunistic species 
Anderson 1990; Anderson et al. 
2004 
Ant nests are often long-lived features, making them permanent 
residents of the landscape. 
Anderson 1990 
 
Table 8.3. A summary of the benefits of termites for landscape and ecosystem function in grassy 
woodlands of south eastern Australia. 
Benefits of termites Author 
Improve soil structure as tunneling and nesting breaks up the soil, through 
bioturbation, providing aeration and structure and distributing organic 
matter and nutrients through the soil 
Lee and Woods 1971, 
Watson 1988 
Also keeps the soil porous, allowing water and nutrients to infiltrate 
through macropores, rather than evaporate or escape from runoff 
Dawes-Gromadski 2003 
Plant roots benefit by frequently following the course of deserted and soil-
packed termite tunnels 
Ratcliffe et al. 1952 
Termites recycle large amounts of plant biomass and N into the soil, such 
as faecal material, saliva, plant material and dead bodies, providing 
essential nutrients to plants and soil fauna and ecosystem functioning 
Whitford 1991; Nash and 
Whitford 1995; Lavelle 
1997 
Tunneling by termites in fallen tree trunks hastens microbial succession 
and increases the N content of decomposing wood by translocation 
through fungal hyphae and by bacterial N2 fixation in faeces 
Witkamp and Ausmus 1976 
Attracting termites into degraded areas affected by grazing may initiate 
ecosystem remediation and restoring biodiversity 
Dawes-Gromadski 2003, 
2005 
Termites play other essential roles in woodland ecosystem function, such 
as feeding on eucalypt heartwood, which may affect the tree health but 
importantly supplies hollows for habitat for many species 
Gibbons and Boak 2002 
In these landscapes, certain termite species which feed on grasses, herbs 
and plant litter may also be important for pasture production and hence, 
Lee and Woods 1971 
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agricultural production and economic returns  
Termites are prey for many animals, including other insects, spiders, 
lizards, echidnas, possums and birds 
New 2002 
Termite colonies/nests are relatively long lived in the landscape  Watson 1988 
 
Similarly to ants, termites and earthworms, beetles are also important for soil processes and 
ecosystem function (Moore 1980; Richards 1987; New 2002). Beetles contain the most number 
of species and form the largest group of all animals, which is evidence of their adaptability to a 
wide range of habitats and ecosystems (Moore 1980: Hangay and Zborowski 2010). A number 
of Carabidae are entirely restricted to the margins of saline lakes and saltpans in the dryer 
regions of Australia (Moore 1980), hence it is likely that similar species exist in less hostile 
woodlands with highly variable salinity levels. It is also likely that beetles are relatively diverse at 
these research sites. Indeed, it is also possible that some species will exploit the degraded 
salinised areas. 
 
Despite spiders being present in all habitats, often the dominant invertebrate predator and also 
forming prey for many vertebrates (New 1998), few studies have been performed investigating 
the affects of elevated salinity levels on spiders. McKenzie et al. (2003) recorded 665 arachnid 
species from a total of 807 animal species collected during surveys in southwestern Western 
Australia. They indicated that a number of species, particularly lycosids (wolf spiders), show a 
positive relationship with increasing salinity and actually specialise at degraded salinised 
ecosystems, colonising the sites. However, they do indicate that the arachnid richness and 
composition (biodiversity) decreases surrounding and within the badly degraded areas. Many 
lycosid species are habitat-specific (e.g. Moring and Stewart 1994) with localised distributions 
confined to particular habitats, including salt lakes (Hudson and Adams 1996). Furthermore, 
Main (2001) characterised lycosids as ‘adaptive opportunists’ that favour open environments, 
and therefore predicted that they would increase in numbers on cleared agricultural land. 
Humphries (1976) found that Geolycosa godeffroyi habitat preference was at the margins of and 
the clearings in grassy woodlands and sclerophyl forests of the Southern Tablelands, stating 
that the only extensive dense populations were found in artificially maintained clearings such as 
those beneath high-tension transmission lines. Moreover, research investigating salt marsh 
biota in Europe has found that spiders are the most important predators on the marsh soil 
surface with extremely high population densities being common (Heydemann 1969; Irmler and 
Heydemann 1985). It is therefore likely that some spiders may tolerate the degraded conditions 
at the sites, including scalds. 
 
8.3. Methods 
8.3.1. Invertebrate survey techniques - overview 
Macro-invertebrate surveys were performed at various times and consisted of field observations 
across the site, such as the presence of spiders, ants and termites, in addition to baiting and 
trapping techniques carried out at the stations.   
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1) Spider webs and burrows were observed and recorded, with particular attention paid to the 
scalds and surrounding areas, 
2) Ant nests were recorded, particularly when nests were built in scalds,  
3) Termite mounds were recorded from each site, especially when near scalds, 
4) Log discs were placed at all survey stations and inspected for animals beneath them 
(macrofauna >2mm in size), 
5) Toilet rolls were buried at all survey stations and dug up, in some cases opportunistically, 
and in all cases, after 12 months,  
6) Pitfall traps were set at all stations on two occasions at all sites. 
Fauna observed beneath log discs and captured in the pitfall traps were counted and identified 
to Order and/or Family and listed as taxa. Species identification was obtained for a number of 
specimens. The data from these two techniques was used in the statistical analyses. 
 
i) Pitfall traps methodology 
Pitfall traps are a recognised preferred method for capturing invertebrates (Upton 1991; 
Shattuck 2000; Bestelmeyer et al. 2000; Delabie et al. 2000). They may operate passively, by 
catching randomly moving insects that fall into them, or actively, by attracting insects to them by 
means of a bait or lure, such as the odour of the preservative (Bestelmeyer et al. 2000), or of 
the already captured insects.  
Pitfall traps were designed and 300 in number constructed with 70mm inside diameter PVC 
sewer pipe, cut into 10cm lengths. A plastic beer cup was placed inside and a 20x20cm bent 
galvanised roof was wired to the top. At each station, a hole was dug ~10cm deep with a 75mm 
jarret auger and the pitfall trap was placed in the hole with 10mm exposed above the soil 
surface (see Figure 8.1). Soil was then ramped up to the trap to allow easy access for animals 
but prevent rainfall overland flow from entering the trap. The traps were placed in the ground 
with the inclined metal side of the lid facing up the slope to prevent overland flow from higher 
ground directly running into the trap. 30ml of 30% ethanol glycol (ethanediol) was used in each 
cup as a preservative/attractant. Bestelmeyer et al. (2000) reports that this preservative is not 
suspected to either attract or repel ants. The preservative was trialed prior to using in the field to 
test that the evaporation rates over the setting period were not too great. Traps were left for two 
weeks during autumn and spring 2005, which was considered to be a maximum length of time 
for a pitfall trap to be set in these landscapes (S. Shattuck pers. comm. 2004). A pilot study was 
performed at Site 1 prior to the full pitfall trap survey at all sites.  
Following collection, animals were extracted from the remaining fluid with a mesh sieve and 
allowed to dry out of direct sunlight on kitchen paper. Animals were then sorted from debris, 
detritus and leaf litter, counted and identified to Order and/or Family.  
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ii) Log discs methodology 
Upton (1991) suggests that crawling invertebrates can be ‘intercepted’ by providing refuges in 
which they can seek shelter, such as carefully placed boards or rocks on the ground. These are 
then lifted to collect or count the insects they have attracted. Bowie and Frampton (2004) 
describe a technique they developed in New Zealand that uses wooden discs as facsimiles for 
natural fallen logs, acting as habitat surrogate, for non-destructive monitoring of soil surface 
invertebrates. They concluded that the log discs were a useful tool for the ecological 
management of, and the provision of surrogate habitat for, terrestrial invertebrate fauna in 
restoration monitoring programs.  
Advantages of this method include: 
1) Non destructive, 
2) No chemicals required, 
3) Non costly, 
4) Easy and quick to set up and very easy and rapid to monitor, 
5) Can be used universally; 
6) Useful for attracting a variety of invertebrate Order (predominantly crawling taxa), 
7) Can be used over the long term (ongoing monitoring) and replaced when required, 
8) Generally not affected by heavy rainfall, such as the filling of pitfall traps, 
9) They are biodegradable and nutrients return to the soil following decomposition,  
10) They supply food and habitat for a variety of taxa and, 
11) They are a technique that is likely to be adopted by land managers, farmers, community 
groups, schools etc. 
 
Logs were obtained from ACT Forests and ACT Parks and Urban Services. Discs were cut from 
relatively recent felled pine (Pinus radiata) and Blakely’s red gum (E. blakelyi) logs with an 
approximate diameter of 25-30cm and thickness 4-5cm during early December 2004, and 
allowed to ‘cure’ for six weeks before using. The curing was necessary as many logs split badly 
when drying out. Approximately 350 discs of each species were cut, which included a number of 
spares. 
A pine and red gum disc were placed beside each other on flat, prepared, bare ground at every 
station (Figures 8.1) as described by Bowie and Frampton (2004). The objective using the two 
wood species for the discs was to compare differences between the endemic and exotic species. 
Logs were periodically turned over, usually weekly, sometimes fortnightly, for the first year and 
monthly for the second year. Taxa greater than 2mm in size (macro-invertebrates, frogs and 
lizards) were inspected over the 2 years field data collection period. Micro-invertebrates (e.g. 
collembola) were not examined however, Dr Penny Greenslade (pers. comm. 2006) 
recommends that this method should also be trialled for research into these taxa. The log discs 
were left in their current positions for future monitoring, although they do require maintenance 
(replacing to the original position) following disturbance from stock generally. Insects of interest, 
particularly termites, and worms, were collected opportunistically and preserved in 80% ethyl 
glycol (ethanediol), or pinned in a preservation box for later identification.  
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Figure 8.1 Survey stations.  
a) A station at Site 1, Transect 1, station 3, showing set pitfall trap to the left and respirometer, log discs 
and buried roll (not visible). Note the runoff flowing directly into the healthy grass and trees at the lower 
boundary;  
b) A station at Site 5 showing the pine (Pinus radiata) to the right and red gum (E. blakelyi) log disc to the 
left. Note the scald eroded area (top) with A1 horizon removed and grasses growing on thin A1 horizon.  
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iii) Toilet rolls - methodology 
Toilet rolls (i.e. cellulose) placed on the ground or buried within the soil surface make ideal 
termite baits (Dawes-Gromadzski 2003). Bleached and double-sided toilet rolls were used 
(Tracy Dawes-Gromadzski 2004 and Theo Evans 2004 pers comm.). The methodology involved; 
1) Digging a hole at each station approximately 12cm diameter and 15cm deep; 
2) Wrapping the toilet roll with packing tape, leaving both ends uncovered;  
3) ‘Termite liquor’, a mixture of red gum and pine wood chips and bark soaked in a tub of rain 
water for at least 4 weeks was sprayed into the excavated hole, the toilet roll placed inside, 
and 200ml poured onto the top of the toilet roll. This was to provide adequate moisture and 
to behave as an attractant (Theo Evans pers. comm. 2004); 
4) The toilet roll was covered with a small piece of thin black plastic to contain moisture and 
attract termites to the moisture from beneath the plastic surface (T. Evans pers comm. 2004), 
then buried in the ground just below the surface. Biodegradable marking tape was left 
protruding from the roll (and soil) for later relocation.  
A toilet roll was placed at every station (see Figure 4.1) and checked periodically with all being 
dug up after 12 months. Termites were identified to species with the use of soldier castes when 
present.  
 
8.3.2. Vertebrates 
Although vertebrates were not the focus of this research due to their mobility and unlikelihood of 
being directly impacted by soil salinity levels at these research sites, frogs and reptiles were 
also included. The presence of mammals, endemic and exotic, is of interest as some species, 
such as foxes, are likely to affect the presence and/or abundance of other species. Additionally, 
if scalds are biotic deserts, mammals should also be absent. Mammals were therefore identified 
when observed, with the objective to simply determine what was present to assist establishing 
biodiversity levels and therefore, whether the sites are indeed biological deserts (Hypothesis 3). 
Obvious signs of fauna, such as sightings, tracks, scratchings, scats, bones and kill remains, 
manna scars, nests or dens were recorded (Triggs 1996). Scats were collected and sent to Dr 
Barbara Triggs at “Dead Finish” in Victoria for species identification, and prey identification in 
the case of predator scats, mainly from foxes. This allowed for later scat identification in the field. 
Foxes were also identified by the strong odour of their dens, especially during breeding season 
(Dean Wheeler pers. comm. 2002).  
Considering the salt tolerance of frog species reported from Western Australian species, as 
reported in Chapter 2, frogs would be expected to be a useful taxa to include as their skin 
functions as a cutaneous gas exchange membrane and is highly sensitive to the surrounding 
environment (Buttemer 1990). Buttemer et al. (1996) however, discuss several Australian hylids 
that do have skin that is highly resistant to vapour flux. In addition, Anuran life cycles (e.g. 
tadpoles) are dependent upon water, hence should be exposed to any saline conditions present 
and presumably impacted.  
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Reptiles and frogs were identified when present beneath the logs and in the pitfall traps, in 
addition to being observed when present at the sites. Frog and reptile data was included in the 
statistical analyses. 
 
8.4. Results  
8.4.1. Pitfall traps 
The first survey identified 14 insect Order from the ten research sites, capturing 14,881 total 
animals listed in Appendix 8.1, including ants and wasps (Hymenoptera), beetles (Coleoptera), 
cockroaches (Blattodea), bugs (Hemiptera), grasshoppers/locusts and crickets (Orthoptera), 
moths (Lepidoptera), flies and mosquitoes (Diptera), thrips (Thysanoptera), ant-lions 
(Neuroptera), praying mantis (Mantodea), earwig (Dermaptera), cicada (Hemiptera), dragonfly 
(Odonata) and a termite, Nasutitermes sp. (Isoptera). Caterpillars and larvae were also 
collected, in addition to a proturan. Insects represented five functional groups; predators, 
scavengers, ecosystem engineers, litter transformers and decomposers. 
In addition, spiders, mites and scorpions (Arachnida), centipedes (Chilopoda), millipedes, 
(Diplopoda), slaters (Malacostrata), flatworms (Platyhelminthes), slugs (Gastropodea), frogs, 
skinks, geckos and earthworms were caught. The second survey revealed no useful animal 
count data due to the traps filling with rain water, as reported in Chapter 7. 
i) Pitfall Total animals (biomass) 
Approximately 80% of the total animals caught were ants, being the most abundant taxa and 
diverse Order trapped, at all sites, with more than 15 species identified and 11,836 individuals. 
Spiders were next with 8% of total biomass. Iridomyrmex purpureus, the common meat ants or 
mound ants, were the most numerous species caught in the traps, sometimes filling the traps. 
The maximum number was approximately 500 individuals in one trap, although this was located 
close to a well used ant trail that linked two large nests, one of which was on a scald. Site 2 also 
had 2 traps with high numbers of 430 and 420 animals, mainly small black ants. The station with 
430 animals was only 20m away from a station with just three animals, indicating the spatial 
heterogeneity of animal numbers and activities at some sites. The average number of animals 
found in the pitfall traps was 58. It should be noted however, that once the traps were filled, 
which may have occurred relatively quickly, they cease collecting animals, so the abundance of 
the ants may not be relative to any other species that are present.  
Pitfall trap total animals and EC 
The relationship between EC levels and the total numbers of animals caught in the pitfall traps 
is shown in Figure 8.2. Results indicate no association, however, the highest animal counts are 
usually found <1000µS/cm, but particularly <100µS/cm, which are ants, and appreciable 
numbers are still found where there are elevated (extreme) salinity levels. Additionally, low 
numbers are also found where EC levels are negligible.  
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Figure 8.2. Total animal numbers with EC levels from all sites, showing no relationship. Note the low 
animal numbers found at all EC levels 
 
Pitfall Taxa number (diversity) 
The average number of taxa found at each station across the ten sites in the pitfall traps was 5, 
with the minimum being 2 and a maximum number of 9. There were a total of 17 stations with 
only 2 taxa, and of these 17 stations, only two had elevated salinity levels (high to extreme EC 
levels). The other 15 stations had low salinity levels (low-medium EC levels). Pitfall Taxa 
number with EC levels are shown in Figure 8.3, and show no relationship. Many of the stations 
with elevated salinity levels attained high taxa numbers (i.e. 6 to 9), including nine taxa, the 
maximum number, at three out of the four stations along Transect 1 at Site 1. This included 
station 4, which was downslope from the scald with extreme EC levels measured at >20,000 
µS/cm EC(1:5) which is shown in Figure 5.6 and 8.1a. This indicates that areas with elevated 
salinity levels are not necessarily depleted in faunal biodiversity; quite the contrary, they often 
have high diversity levels. It is also worth noting from Figure 8.3 the impressive number of taxa 
(i.e. alpha diversity) found where EC levels are considered to be toxic to biota.  
These results suggest that in these landscapes, biodiversity as measured by taxa diversity of 
epigaic macro invertebrates is not associated with, nor restricted by, soil salinity levels. Elevated 
EC levels appear to have little impact, if any, on the biodiversity.  
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Figure 8.3. Number of taxa caught in the pitfall traps (from all sites) with soil EC levels showing no 
relationship. Note the substantial number of taxa caught where salinity levels are considered to be at high 
levels (i.e. >600µS/cm) and minimum taxa numbers found at all EC levels. 
 
8.4.2. Log Discs  
Taxa number (diversity) 
The log discs provided data during the period that they were set, performing well as surrogate 
habitat for a number of taxa, including six Orders of insects. These were ants, termites, beetles, 
cockroaches, crickets and earwigs, in addition to earthworms, spiders, centipedes, millipedes, 
scorpions, slaters, slugs, flatworms, frogs and lizards, a total of 16 taxa. 
The average number of taxa found beneath the discs at each station was 2.5, the minimum 
number of taxa was zero with no animals found beneath both discs, which occurred twice, on 
Bare Soil Patches, exposed scald areas at Site 6 where the EC levels were very high and 
extreme respectively (Figure 8.4). The maximum number was six taxa, which occurred on four 
occasions at stations with low EC levels, although one of these stations was at Site 1 transect 1 
where a Treed station (no. 4) next to a scald station (no. 3) where ECe levels of >20,000 µS/cm 
were taken. It should be noted that the six taxa were not identified at the same inspection 
(cohabiting) of the disc.  
Many of the stations with elevated salinity levels had relatively high taxa numbers beneath the 
log discs, or at least the average of 2.5.  A total of just one taxa occurred on 37 occasions and 
these occurrences were spread between elevated and low EC levels. These were 
predominantly either earthworms or ants, with termites less common.  
Figure 8.4 indicates a slight negative relationship between Log disc Taxa number and EC levels, 
although also shown are high numbers of Taxa at elevated salinity levels, particularly above 
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levels considered harmful of >600 µS/cm. Additionally, low numbers are also common where 
EC levels are negligible. 
Ants were the most common taxa identified beneath the log discs, with 174 beneath the red 
gum and 233 beneath the pine discs, with a total of 242 stations with ants, or 92%. Large nests 
were often constructed, either beneath or adjacent to the discs. 
The log discs also proved to be ideal surrogate habitat for earthworms, with 177 identified 
beneath the pine and 82 beneath the red gum, and a total of 181 stations being occupied by 
earthworms during the survey period, or 69%. Earthworms were particularly abundant during the 
cooler, wetter months of the year, preferring the pine over the red gum. It was rare to find ants 
and earthworms beneath the same discs at the same time, suggesting competition between the 
two.  
The other common taxa found beneath the log discs were beetles, cockroaches and centipedes. 
An interesting phenomenon was noted on a number of occasions where termites were observed 
inhabiting the same logs as ants and when the discs were lifted for inspection, the ants 
immediately attacked the termites, dragging them into their burrows. This is discussed in the 
following termites section.  
 
 
Figure 8.4. Number of taxa identified beneath the log discs from all of the sites with soil EC levels. Note 
that, although the taxa number decreases with increasing salinity levels, a number of taxa still persist 
where salinity levels are elevated. 
 
8.5. Total Taxa (Pitfall traps and Log discs) 
Combining both the Pitfall and Log disc survey data produced an average of 6 Total Taxa found 
at each station, with a minimum of 2 and a maximum of 11. A total of two taxa occurred twice, at 
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Site 3 and Site 5, both of these stations with low EC levels (although Site 5 has scalds). A total 
of 11 taxa at a single station occurred just the once, at Site 1 T1/4, only 10 metres from the 
highest EC level taken from the ten sites (>20,000 µS/cm EC(1:5)) and approximately 4m 
downslope from the scald. A total of 3 taxa occurred on 14 occasions, and these were spread 
between stations with elevated and low EC levels (see Figure 8.5). Indeed, the scalds with 
elevated EC levels did have taxa numbers of 7, 8 and 9, all of which are above the average of 6 
taxa at all sites. Figure 8.5 indicates no relationship between the Total Taxa number and EC 
levels, indicating that no adverse effects of elevated salinity levels on Total Taxa no (diversity) in 
these landscapes, at these scales, is evident.  
 
 
Figure 8.5. The Total Taxa number identified from beneath the log discs and in the pitfall traps, with soil 
EC levels. Note the number of taxa found where salinity levels are considered high to extreme 
(>600µS/cm). 
 
8.6. Associations with degradation 
The correlation coefficients showed few strong positive correlations and less negative as shown 
in Table 8.4. The only strong negative correlation was Scald with Pine discs Worms, however, 
the predominant earthworm species identified were exotic. The positive strong correlations are 
all biotic attributes. The only correlation with EC was a weak negative one with Log Taxa no, 
although this is also correlated with Scald, suggesting that it is Scald that the correlation is 
actually with and the EC link is consequent of the scald. The correlation coefficients for each 
biotic indicator, or variant, when applicable, are mentioned in each section below. 
The regression analyses summarised in Table 8.5 also concurred with the correlation 
coefficients when the ECfac and Scald were run as factors, producing no strong associations, 
except for with Worms. This suggests that total animal numbers, or biomass, does not appear to 
be associated with increased salinity levels and/or soil degradation in these landscapes. Figure 
8.5 also shows that this is the case.  
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Pitfall traps and Log Discs 
No strong correlations were shown between the pitfall trap data and any other variables. The 
Log Taxa number also showed few associations with the other variables, although a strong 
positive correlation was shown with soil microbial respiration (CO2), shown in Table 8.4. As 
reported above, Worms beneath the discs showed a strong association with most of the LFA 
biotic indicators, soil organic matter and soil respiration. Results concur with the regression 
analyses, as shown in Table 8.5. 
When the individual sites were analysed separately (not shown), an interesting result occurred 
at Site 2 where the Log Taxa number was negatively correlated to pH; the pH levels at this site 
in the degraded scald areas were extremely alkaline. Additionally, there was only one site where 
the Log Taxa number was negatively correlated with EC (Site 6), although the elevated EC 
levels are also associated with other hostile conditions. Conversely, one site was actually 
positively correlated with EC (Site 9), suggesting that at this site, salinity is natural, possibly 
necessary. The results therefore suggest similarly to the Pitfall Taxa number data, although not 
as strong, that epigaic macro invertebrate taxa numbers (biodiversity) are hardly affected by 
elevated salinity levels, if indeed at all. 
 
Table 8.4. Correlation coefficients, positive and negative (p < 0.001 and 0.05) of biotic variants (indicators) 
when analysed against all variants from all sites. Pitfall total no. = biomass; Total Taxa no. = Pitfall + Log 
disc no; Worms total = both discs; CO2 = bulk soil microbial respiration; H2O2 = SOM hydrolysis; LFA 
indicators (Chapt 11): Patch and Patch Type; RP = Rainfall Protection; PV = Perennial Vegetation; Litter 
= amount (i.e. A0). Pitfall Total not included as no correlations. 
Biotic variant + <0.001 + <0.05 - <0.001 - <0.05 
Pitfall Taxa no  CO2  Geology 
Logs Taxa no. CO2 H2O2, Slake, RP, PV, 
Patch 
 Scald, EC 
Total Taxa no. CO2 Litter, Patch,   Geology 
Toilet rolls RP, PV, Patch, CO2  Litter  Scald, EM38H S1/2 
Pine discs Ants  Patch, CO2, Euc’ Ants  Pine Termites 
Euc’ discs Ants  H2O2, CO2, Pine Ants  Euc’ Termites, 
Termites 
Ants (both discs)    EM38V S1, EM38H 
S1 & S2 
Pine discs Termites  Toilet rolls  Pine/Euc’ Worms, 
Pine Ants 
Euc’ discs Termites  Toilet rolls  Euc’ Ants 
Termites (both discs)     
Pine discs Worms H2O2, RP, PV, 
Litter, CO2 
Slake, Patch Scald EC, Pine Termites 
Euc’ discs Worms  RP, PV, Litter   Pine Termites 
Worms (both discs)  RP, PV, Litter, CO2  H2O2, Slake. Patch  pH 
Frogs    RP, Litter, Patch  
Reptiles  EM38V S2, most EM31   
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Table 8.5. Regression analyses using accumulated analyses of variance showing significance of F-
products when all factors (treatments) were analysed against all variants. Variants were analysed 
simultaneously and compared when run separately. The separate analyses generally concurred with the 
amalgamated analyses.  
= <0.001;= <0.01; x = not significant 
The biotic LFA indicators are presented in Chapter 11 
BIOTIC VARIANT SITES SITES.TR STN.TR ECfac pHfac Scald 
PF Total  x x x x x 
PF Taxa no  x x x x x 
Log Taxa no  x x x x 
Total taxa  x x x x x 
Toilet rolls    x x x x 
Ants x x x x x x 
Ants pine disc x x x x x x 
Ants euc disc x x x x x x 
Termites  x x x x x x 
Termites pine disc   x x x x 
Termites euc disc x x x x x x 
Worms disc   x  x 
Worms pine disc   x  x 
Worms euc disc  x x x x x 
Reptiles  x x x x x 
Frogs   x x x x 
 
8.7. Individual taxa – Termites 
 
i) Toilet rolls  
Four species of termites were identified from the toilet rolls, shown in Table 8.6, with 75 of the 
264 toilet roll baits attacked, at all sites except Site 5 (Figure 8.6). This accounted to 28% of the 
toilet roll baits used. Toilet rolls often contained different types and levels of attack. Coptotermes 
frenchii were probably the most abundant species identified in the toilet rolls. 
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a)  b) 
Figure 8.6. Toilet roll termite baits eaten in ground and replaced with carton. Coptotermes frenchii can be 
seen in b) 
 
ii) Log discs 
 
A total of 57 pine and red gum log discs were attacked by termites at 45 stations, at all sites 
excluding Site 10, thirty of which were pine and 27 red gum. The same four species from the 
toilet rolls were identified beneath the logs (Table 8.6). This included a number of log discs on 
scald areas and low lying swampy areas of the landscape which have intermittently elevated 
salinity levels (>1000µS/cm) and on at least 2 occasions, extreme pH levels.  
In total, 91 stations were identified with termites present, using both the toilet rolls and log disc 
techniques, 34% of all of the stations.  
A number of stations had termites attacking both the toilet rolls and the log discs, although the 
toilet rolls were always eaten out preventing species identification, excluding a station at Site 2 
(T6/st4), which had Coptotermes frenchii attacking the toilet roll and Nasutitermes exitiosus 
attacking the pine log disc simultaneously (station shown in Figure 8.7). This indicates that the 
two species were either tolerating or ignoring each other, or they were actively avoiding each 
other (or, one sp. was avoiding the other sp.).  
Table 8.6. Termite species identified at the research sites beneath the log discs with habitat and food 
preferences (Watson 1988). The same termites were identified in the toilet roll baits. 
Termites of the STNSW Habits and food preferences 
Coptotermes frenchii Mound, stump and tree dwelling. Feed on intact and slightly rotted timber. 
Large colonies 
Nasutitermes exitiosus Generally occupy a mound. Feed on intact and slightly rotted timber. 
Large colonies 
Nasutitermes dixoni Generally occupy a mound. Feed on intact and slightly rotted timber. 
Large colonies. Not as common as the 2 species above. 
Heterotermes ferox Subterranean species, small colonies. Generally prefer slightly rotted 
timber. Rare compared to the others. 
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Figure 8.7. Survey station at Site 2, in the lower scald area, with 2 different species of termites present, 
beneath the log discs and the buried toilet roll. 
 
Ants and termites were observed sharing the same log disc at a number of stations at Sites 3 
and 4, with the termites often located centrally beneath the disc and the ants completely 
surrounding them (Figure 8.8). When the disc was lifted for inspection, thereby disturbing and 
exposing the galleries and termites, the ants attacked the termites, dragging them into their 
galleries. This is discussed below. 
 
    
Figure 8.8. Termites and predatory ants inhabiting the same log disc. The ants are unaware that the 
termites are there until the disc is lifted and the termites are exposed. 
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Termite mounds were also observed at every site, and these were often located around scalds 
and other bare degraded locations (Figure 8.9) suggesting that the termites are tolerant of 
elevated salinity levels and degraded soil conditions.  
 
   
Figure 8.9. Termite mounds built adjacent to scalds, suggesting that termites are salt tolerant, or at least 
tolerant of the degraded conditions, and additionally, groundwater is not an issue. 
 
The only correlations yielded with Termites were negative, with Ants, Pine and Euc discs, 
indicating that the ‘Pine log Ants’ presence decreased the ‘Pine log Termites’ presence and 
similarly, the ‘Euc log Ants’ presence decreased the ‘Euc log Termites’ presence (Table 8.4). 
This result is expected, as ants predate on termites, despite the observation that ants and 
termites were seen on a number of occasions occupying the same log disc.  
 
Earthworms   
No earthworms were exhumed when burying the toilet rolls and collecting the soil samples, 
which was done during the hotter, dryer summer months of early 2005. Earthworms were not 
identified at any sites until winter/spring of 2005, 6 months after setting up the log discs, during 
the cooler, wetter months when conditions became more favourable. It appeared that they were 
not present within the topsoil during the hotter dryer months. In addition to actual 
presence/absence, earthworms and their casts were common beneath the log discs (Figure 
8.10).  
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a) b) 
Figure 8.10. Earthworms beneath the discs were common during the cooler months, exotic species are 
shown in a) and endemic species in b). The endemic species appeared to tolerate the degraded 
conditions better than the exotic species. 
 
A total of 181 stations had earthworms beneath the log discs as identified either by their 
presence or casts (69% of stations), which accounted for 259 of the total (264 stations x 2 discs 
= 528 discs) log discs (49% of all discs). Of these, the pine had a total of 177, or 67% and the 
red gum 82, or 31%. 
The majority of species were exotic (Figure 8.10a) particularly Apporectodea trapezoides and 
Apporectodea caligihosa (Geoff Baker pers comm. 2005). Native species were more common in 
the areas associated with elevated salinity levels (Figures 8.10b). Exotic and native species 
were not found together beneath the same disc. The native species also appeared to favour the 
red gum discs, although they were also found beneath the pine, whilst the opposite appeared to 
be the case for the exotic species. 
 
Ants 
 
Ants were by far the most common and abundant taxa present at all of the sites with almost 
12,000 individuals caught during the major pitfall survey, almost 10x the number of the next 
most abundant taxa. A total of 242 stations (92%) had ants present beneath the log discs. At 
least 5 genus with at least 15 species were identified, including predators, scavengers and seed 
and honeydue collectors. The subfamily Dolichoderinae, Myrmecinae, Ponerinae and 
Formicinae were the most numerous, particularly the aggressive and dominant meat ant 
Iridomyrmex purpureus (Dolichoderines) (Figure 8.11) which are the most common and 
abundant species present at the sites. Nests are often constructed within or surrounding the 
degraded scald areas, including those with high to extreme salinity levels, as indicated by the 
surface soil EC(1:5) measurements and the EM surveys. Figure 8.12 shows a nest built where the 
highest EM31 measurements were taken from all sites (extreme ECa value of >300mS/m). A 
nest was also built on a scald at Site 1 T1 (near st3) whilst the research was being conducted, 
adjacent to the station where the highest surface soil EC(1:5) measurements were taken (Figure 
5.6 and 8.13). Nests are often large, up to 4 to 5m diameter with extensive trails (Figure 8.14). 
Where these trails cross scalds, a distinct bare area is worn leading onto and off the scald. It is 
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apparent that the activity of ants may be a limiting factor for plant growth at these locations. It is 
likely that their presence alone would out-compete many other species, be that anything that 
resides on the ground. Indeed, they were observed attacking other insects that happened to 
venture within the vicinity of their nest, including flying insects that landed on the surface (Figure 
8.15). It is therefore apparent that other insect species either need to avoid them entirely, or 
avoid them whilst they are active, only appearing when they are quiescent. It was also observed 
that their trails can channel rain water onto or off scald areas, which suggests that in particular 
cases, they may act as initial erosion locations. Numerous other ant species were also observed 
with nests built in scald areas (Figure 8.16).  
Ants can be considered a keystone species in saline areas, not only due to their superior 
competiveness, but the likely positive effects that they have on the soil remediation 
(amelioration) process. 
 
a)  b) 
c)  d) 
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e)  f) 
Figure 8.11. Meat ant (Iridomyrmex purpureus) nests built within and surrounding scalds, indicating that 
shallow saline groundwater is not an issue for them. 
 
 
Figure 8.12. Meat ants nest at Site 3, Transect 12, where the highest ECa readings were taken with the 
EM31 instrument, from all sites visited on the Southern Tablelands. 
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a) b) 
c) d) 
e) f) 
Figure 8.13. Meat ants nest at Site 1, Transect 1, adjacent to the station which attained the highest EC(1:5) 
reading in the field from all sites. Note the changes in both the scald surface and the ant nest, particularly 
the red clay excavated from the B horizon (d-f) and white coloured evaporates on the surface (b) The 
station which attained the highest taxa numbers was a few metres into the vegetation from the nest. 
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Figure 8.14. Large meat ant nest showing radial trails, some quite prominent and compacted, with little or 
no A1 horizon. 
 
a) b) 
Figure 8.15. Meat ants attacking insects that land on the scald surface, both flying and crawling. 
 
a) b) 
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c)  d) 
e)  f) 
g)  h) 
Figure 8.16. Various ant species nest, within scalds, many with extreme salinity levels. The green clay in 
Fig f) from Site 2, is extremely alkaline (>pH 9) and also has extreme salinity levels. 
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Beetles  
Beetles were common beneath the log discs and caught in the pitfall traps at all sites with 229 
individuals caught during the first major survey. They were also found on and surrounding 
scalds. Species were also quite diverse and are summarised in Table 8.7.  
 
Table 8.7. Beetles identified in pitfall traps and beneath log discs at the research sites. 
Family Common name Notes 
Rhysodidae?  all black, well armoured, stout 
legs and beadlike antennae 
Carabidae - Subfamily 
Carabinae, Scaritinae 
ground beetles & tiger beetles   predators 
Scarabaeidae dung beetles and chafers – ‘curl grubs’ Beetles and grubs identified 
Colydiidae   
Cerambycidae Longicorn beetles  
Curculionidae Weevils  
Tenebrionidae pie-dish beetles, darkling beetles etc  
Lycidae?  red/brown wings 
Lucanidae ? Stag beetles  
Cantharidae soldier beetles  
 
Spiders 
Spiders were the second most common taxa caught in the pitfall traps with 250 stations 
recorded. A total of more than 1200 individuals caught with up to 26 spiders caught in the same 
pitfall trap. Six sites had spiders at every station and often more than one or two species were 
caught in the same pitfall trap. Table 8.8 lists the spiders identified at the research sites using 
pitfall traps, log discs and field observations. 
Numerous spider burrows were observed at all sites, predominantly Lycosiae spp. (wolf spiders). 
Many were identified inhabiting scald areas with high salinity levels (>600µS/cm) (Figures 8.17, 
8.18). Some of these wolf spiders attain a large size with burrows up to 2.5cm in diameter.  A 
few trapdoor spiders (Ctenizae spp.) were also identified within scalds (Figure 8.18) including a 
number of (red headed) mouse spiders (Missulena insignis) and a large male funnel web (Atrax 
sp.?) at Site 4 in a pitfall trap on a small scald (Figure 8.19). Other spider species found on or 
adjacent to scalds are listed in Table 8.10. Mites were also commonly caught in the pitfall traps 
with almost 400 caught and lastly, scorpions were also caught and commonly observed beneath 
the discs (Figure 8.20). 
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Figure 8.17. Wolf spiders are common surrounding scalds and within sparse grass areas within the 
grassy woodlands. 
 
Figure 8.18. Trapdoor spider occupying a scald, round hinged burrow lid located to the left of the burrow. 
 
 
Figure 8.19. Male funnel web spider, caught in pitfall trap near small scald, Site 4. 
219 
 
Figure 8.20. Scorpions were quite common beneath the log discs. 
 
Table 8.8. Spiders identified at sites, either directly on scalds or the vegetation surrounding the scald. 
Most small spiders were not identified, hence are not listed.  
Mygalomorph spiders 
Missulena insignis Mouse spider Males are very mobile - scalds 
Atrax sp. (Hadronyche sp.) Funnel-web spider One male caught in pitfall trap - scald 
Ctenizae? sp. Trap-door spider Long lived in burrows - scalds 
Araneomorph spiders 
Nicodamus sp. Red and black spider Found with meat ants - scalds 
Lactrodectus hasselti Red back spider Found beneath pitfall trap lids - scalds 
Nephila sp. Golden orb-weaving spider Found in trees & grasses (webs) scalds 
Araneus sp. Orb-weaving spider Found in trees & grasses (webs) scalds 
Gasteracantha sp. Spiny spider Found in grasses (webs) - scalds 
Lycosa sp. (godeffroyi) Wolf spider Very common at all sites - scalds 
 
Centipedes 
Centipedes were caught in the pitfall traps but were most common beneath the log discs, for 
most of the year, seemingly unaffected by the temperature and moisture regimes and in some 
cases, were quite large and very mobile. A number of species were dominant from the Order 
Scolopendromorpha (Figure 8.21) and these were also found on scalds and Bare Soil Patches 
with high salinity levels. Members of this Order are fast runners, aggressive and potentially the 
most venomous of the centipedes (Colloff et al. 2005). They are therefore successful predators 
at these sites, including scald areas. A few were caught in the pitfall traps at Sites 6, 7, and 8 
from the Order Scutigenomorpha. 
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a)  b) 
Figure 8.21. Centepedes were common beneath the log discs and also in the pitfall traps. 
 
Wasps 
A native wasp colony (Family Sphecidae – genera either Sphex or Prionyx – Kim Pullen pers. 
comm. 2009), consisting of approximately 15 wasps, was observed inhabiting a scald at Site 1 
(near T4/2) during summer 2005/2006 (Figure 8.22). The EC(1:5) of the soil surface was 
measured in the field at 5100 µS/cm. These wasps had their individual burrows directly within 
the scald surface, which appeared to be approximately 5-10cm deep. The wasps were observed 
leaving the burrow and returning soon after with a paralysed grasshopper (or locust) which was 
then buried in the burrow. A number of wasps were also caught in the pitfall traps. 
 
 
Figure 8.22. A native wasp, tolerant of the surface soil elevated salinity levels, just finished burying a 
paralysed locust in the scald surface (Site 1 near Transect 4 station 2). A number of other wasps had 
burrows nearby. 
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Vertebrates - Frogs, lizards and geckos 
 
Frogs, lizards and geckos were caught in the pitfall traps and were also identified beneath a 
number of log discs. A total of 35 frogs were identified from 24 stations at six sites. Four of 
these were found in shallow holes with saline water (~500µS/cm). Although there were four 
sites where no frogs were identified or observed, they were heard croaking at all sites after 
rainfall from nearby swampy areas, creek or dam. The most common frog species identified 
were Crinia signifera (common eastern froglet), Litoria peronii (Peron’s tree frog), 
Limnodynastes tasmaniensis (spotted marsh frog) and Uperoleia laevigata (smooth toadlet) 
(Skye Wassons pers comm. 2006). 
Frogs and geckos were generally restricted to the scalds where elevated salinity levels occur, 
where a positive relationship existed between the EC and the presence of frogs, with five 
animals (the maximum number at a single station) found at very high EC levels (4000 µS/cm 
EC(1:5)) at Site 1. However, it is probably more tangible to associate this presence relationship 
with the lower, moister areas of the landscape, which is also paradoxically, where the elevated 
salinity levels generally occur. There may also be other drivers for this association, such as the 
abundance of ants and spiders for food, and perhaps the ease of movement provided by the 
lack of vegetation and surface litter. 
Lizards were generally common everywhere however, at a number of sites they also appeared 
to favour the areas with elevated salinity levels, including scalds, such as Site 1. Geckos such 
as Christinus marmoratus (marbled gecko) were identified at a number of sites, also inhabiting 
the degraded areas with elevated salinity levels, such as Site 3. A total of 56 lizards (and 
geckos) were identified from 39 stations from nine sites. They were particularly abundant at Site 
3 with 28 individuals of the total 56 animals, where Carlia tetradactyla (southern rainbow skink) 
are common.  
Striped bluetongues (Tiliqua scincoids) and shingleback lizards (stumpy tails - Trachydosaurus 
rugosus) were common across the research area, including being observed on Scalds (Figure 
8.23a). Bearded dragons (Pogona barbarta) (Figure 8.23b) and lace monitors (Varanus varius) 
were identified at seven sites, red-bellied black snakes (Pseudechis porphyriacus) at five sites 
and brown snakes (Pseudonaja textiles) at two sites. Tables 8.9 and 8.10 summarises the frogs 
and reptiles identified at the research sites. 
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a)  b) 
Figure 8.23. a) shingle-back lizard and b) bearded dragon, both common at the sites during the warmer 
months. Both of these photos taken on scalds. 
 
Table 8.9. Frogs identified, in pitfall traps, beneath logs or in depressions/holes, including those with 
elevated salinity levels. 
Frogs identified at sites 
Brown froglet Crinia signifera 
Spotted marsh frog Limnodynastes tasmaniensis 
Bibron’s toadlet Pseudophryne bibronii 
Smooth toadlet Uperoleia laevigata 
 
Table 8.10. Reptiles identified at the research sites (Cogger 2000, Swan et al. 2004). All animals were 
occupying the degraded bare areas, including scalds. 
Reptiles identified at sites 
Marbled gecko Christinus marmoratus 
Lace monitor Varanus varius 
Jacky lizard Amphibolurus muricatus 
Eastern bearded dragon Pogona barbata 
Southern rainbow skink Carlia tetradactyla 
Striped skink Ctenotus robustus 
Red-throated skink Eulepsis platynota 
Eastern blue-tongued lizard Tiliqua scincoids 
Shingleback lizard Trachydosaurus rugosus 
Red-bellied black snake Pseudechis porphyriacus 
Eastern brown snake Pseudonaja textiles 
 
The regression analyses (Table 8.5) indicated that frog numbers were highest at ‘Very High’ to 
‘Extreme’ ECfac levels (lowest numbers at Low and Medium ECfac levels), suggesting that 
frogs in these grassy woodlands are tolerant of elevated salinity levels. 
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Mammals 
Mammals were identified from all sites (Table 8.11). The most common native fauna species 
observed at the sites were Macropus giganteus (eastern grey kangaroo) and Wallabia bicolor 
(swamp wallabies). Observations indicate that they do not avoid scalds (Figure 8.24), indeed, 
Macropus giganteus appear to enjoy them, as they were observed ‘wallowing’ within scald 
areas with high salinity levels (>1000µS/cm) at Sites 2 and 5, leaving a disturbed surface 
(scratchings) (Figure 8.25) Echidnas and their nest diggings and wombat scats were observed 
at most sites.  
Mammal scat analysis performed on collected scats from the sites by Dr Barbara Triggs at 
‘Dead Finish’, are listed in Appendix 8.2. This allowed further scat identification in the field. 
Trichosaurus vulpecula (brush-tailed possums) scats were numerous at a number of sites.     
 
Table 8.11. Ground mammals (*exotic fauna) and tortoise observed and identified by scats at the 
research sites. All animals were present at the scalds.  
Scientific name Common name Sites present 
Macropus giganteus Eastern grey kangaroo All sites 
Wallabia bicolour Swamp wallaby All sites 
Trichosurus vulpeula Brush-tailed possum Four sites 
Tachyglossus aculeatus Echidna Four sites 
Vombatus urinus Wombat Six sites 
 Tortoise Two sites 
*Vulpes vulpes fox All sites 
*Lepus europaeus hare All sites 
*Oryctolagus cuniculus rabbit All sites 
*Felis catus cat Observed twice (farmers reports) 
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Figure 8.24, Kangaroos and wallabies did not appear to avoid scalds, often seen frequenting the scald 
and surrounds, grazing on the groundcovers. 
 
 
Figure 8.25. Scald surface scratchings from a grey kangaroo. The soil here is alkaline and quite saline.  
 
Foxes and hares were observed at all sites during the field research period and are ubiquitous 
across the Southern Tablelands of NSW (Joe Mooney pers. comm. 2004). Foxes were also 
identified at most sites by their pungent odour, especially during breeding season. This was 
despite the RLPB baiting the foxes periodically with 1080 on many TSR’s and some 
neighbouring properties (J. Mooney pers. comm. 2004). Foxes were also identified from scats 
(Appendix 8.2). The scat analyses identified that foxes were preying on sheep and insects. 
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Tracks and tunnels are common within the thickets of Juncus acutus at a number of degraded 
(saline) sites and foxes (and hares) were sighted entering and exiting the thickets by these 
tracks. A number of kill remains were also identified within these thickets and a strong fox odour 
was often present.  
Feral cats were also observed at two sites and on a number of occasions across the research 
region.  A number of local farmers and noxious animal rangers reported of their presence and 
actively attempt to eradicate them due to the impact they have on local wildlife. 
In summary, no evidence was identified that suggests that elevated salinity levels directly 
adversely impact mammals as reported by Zeppel et al. (2003). The contrary, evidence 
suggests that mammals (and other fauna) in general, do not appear to be directly adversely 
impacted by elevated salinity levels, they operate at different scales. This includes invertebrates, 
frogs, and reptiles. It is possible that some animals, especially exotic mammals such as foxes, 
hares, and rabbits, may actually benefit from the degraded habitat and associated elevated 
salinity levels.  
 
8.8. Fauna and soil pH 
As it is common knowledge that extreme pH levels adversely affect biota, Figures 8.26 are 
presented to show the effects of soil surface pH levels. It is predicted that animals should be 
adversely affected by extreme pH levels, particularly as this is associated with scalds.  
Figure 8.26a shows no relationship with animal numbers and acid soil conditions, which are 
predominant in these grassy woodlands. All counts greater than ~150 animals per pitfall trap 
were found in slightly acidic soil conditions. However, it is also shown that low animal numbers 
less than 50, are also found in the same acidic conditions. The alkaline conditions appear to be 
associated with animal numbers between 70 and 160 in total, suggesting that although alkaline 
soils may slightly reduce biomass, it is not general or of significant consequence. 
Figure 8.26b shows the number of taxa identified in the Pitfall traps at each station when 
compared to pH levels, which indicates most taxa also prefer acidic conditions, although low 
taxa numbers also occur at acidic conditions. Additionally, it indicates that six taxa appear to 
tolerate the alkaline pH levels.  
Figure 8.26c indicates that less taxa than those caught in the pitfall traps are prepared to reside 
in the areas with extreme soil alkalinity, with most taxa numbers found where conditions are 
slightly acid. 
Figure 8.26d shows the total taxa number of both survey techniques, being the addition of 8.27b 
and c. This shows that 4 taxa avoid the alkaline conditions, preferring the acidic conditions. 
Therefore, Figures 8.26 indicate that the extreme alkalinity sometimes associated with 
degradation impacts biodiversity. This is hardly surprising given the extreme pH values 
sometimes above 10. However, a number of taxa show tolerance to extreme soil alkalinity levels. 
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a)                                                                                       b) 
     
c)                                                                                       d) 
Figure 8.26a. Pitfall total number of animals (biomass) and surface soil pH levels, showing no relationship. 
Note the low numbers at all pH levels. 
Figure 8.26b. Total Pitfall Taxa number and surface soil pH levels, showing a possible threshold at pH6. 
Figure 8.26c. Log Taxa number and surface soil pH levels, showing a possible threshold at pH6. 
Figure 8.26d. Pitfall total Taxa number and soil surface pH levels, showing a possible threshold at pH7 or 
just below 
 
Despite the fact that extreme pH levels impact fauna, and alkalinity is associated with scalds, 
the evidence does not indicate that the adverse pH levels are drastically impacting the ground 
invertebrate fauna. 
 
8.9. Fauna and Patch Type 
It is expected that soil surface invertebrates should be more numerous and diverse in vegetation 
with more complex diversity, such that Treed Patches should have significantly more Total 
numbers and Total Taxa numbers, than Bare Soil Patches and especially scalds. This should be 
the case for both the Pitfall traps and Log discs. Table 8.12 show that this is not necessarily the 
case, with many animals found in Bare Patches, in addition to the Total Taxa number. The 
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affects of bareness on the log discs is more pronounced than the Pitfalls show, however, only 
slightly. It can also be seen that the more vegetated and complex Patches do not necessarily 
have high animal counts or taxa diversity.  
 
Table 8.12. Summary of means, SD and P value between Patch Type and 1) Pitfall (PF) Total animals 
(across all taxa); 2) Pitfall Taxa number; 3) Log disc Taxa no. and 4) Total Taxa no. Means are 
significantly different (p<0.001) (F crit < F) for Log disc Taxa no. and Total Taxa no., although they are 
both only one taxa different between the Bare soil/Sparse grass and Dense grass/Treed Patch Types.  
 Bare Soil Sparse Grass Dense Grass Treed P value 
 Mean SD Mean SD Mean SD Mean SD  
1) PF Total animals 54 49 77 72 55 68 49 59 0.08 
2) PF Taxa no. 4.6 1.5 4.3 1.5 4.7 1.6 5.0 1.6 0.09 
3) Log disc Taxa no. 1.7 1.0 2.4 1.0 2.8 1.1 2.6 0.9 <0.001 
4) Total Taxa no. 5.1 1.7 5.4 1.4 6.2 1.8 6.3 1.7 <0.001 
 
Fauna and Scalds 
As scalds generally have the most elevated levels of surface soil EC and are a focus, they are 
presented separately. The results shown in Table 8.13 confirm that scalds provide habitat for 
numerous animals and they are not biotic deserts. The only means that are significantly different 
is Log Taxa no (P<0.001). The pitfall traps show no significant differences and although the log 
discs taxa no. are significantly different, non scald areas have only one more taxa present than 
scalds, which is also reflected in the Total Taxa numbers (with 5 taxa for scalds and 6 for non 
scalds). Evidence therefore indicates that bare degraded areas classified as scalds, next to or 
within these grassy woodlands on the Southern Tablelands, have little adverse impact, if any, 
on fauna biomass and biodiversity levels. 
 
Table 8.13. Summary of fauna data showing means, SD and P values of Scalds and non scalds with 
Pitfall (PF) Total animals, PF Taxa number, Log Taxa number and Total Taxa number. The Means for the 
Log Taxa no. between scalds and non scalds are significantly different (P<0.001). 
 Scalds Non scalds P value 
 mean SD mean SD  
PF Total animals 58.7 56.2 57.3 65.4 0.9 
PF Taxa no. 4.6 1.5 4.7 1.6 0.75 
Log Taxa no. 1.8 0.9 2.6 1.0 <0.001 
Total Taxa 5.3 1.5 6 1.8 0.02 
 
8.10. DISCUSSION - Fauna 
8.10.1. Termites 
The presence of termite nests surrounding scalds and the observation that they will travel into 
low lying, degraded areas with high salinity levels, indicates that either the termites are tolerant 
of the degradation and elevated salinity levels or that they somehow avoid it, or both. It also 
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suggests that salinity levels are not an important factor for nest location. Additionally, it suggests 
that shallow groundwater is absent, as the nests extend well into the B horizon. It also suggests 
that the predominant water movement, above the B horizon, is also likely to be absent where 
the nest is built, or, the termite nest must be ‘waterproof’. 
It is possible that termites and other endemic animals have mechanisms to not only avoid 
fluctuating increased salinity levels, but may have adaptations to combat it, such as sealing their 
nests from toxic conditions, thereby creating a ‘barrier’ between the interior and exterior of the 
galleries, possibly with modified ‘carton’ material. They may also simply avoid fluctuating high 
salinity levels, moving around depending on the prevailing conditions, or constructing their 
galleries where salinity levels are rarely elevated. 
The observation of termites coexisting beneath the same log as predatory ants suggests that 
the termites must know that the ants are there and avoid them, or else become prey, and the 
ants do not realize that the termites are there otherwise they should attack as they do when 
exposed. It also suggests that the ants were there first and the termites built their nests 
secondary, thereby avoiding the ant galleries, a very beneficial evolutionary adaptation indeed. 
Moreover, as the termites cannot actually physically assess the log disc at the surface, they 
somehow achieve this by assessing the disc through the ants nest. Similar abilities have been 
detected by drywood termites by Evans et al. (2005, 2007 and 2009), however, it has not been 
detected previously with subterranean termites (Theo Evans pers comm. 2007, Bann et al. 2010, 
Bann 2012). 
Although the toilet rolls achieved a higher strike rate than the discs, the discs were considered 
more favourable than the toilet rolls for termite surveys due to the ease of setting them up and 
the ease of monitoring. In addition, the discs require considerable more work by the termites to 
completely eat them out, which provides a greater opportunity for species identification and 
observation.  
 
8.10.2. Ants 
Degraded areas, including scalds with high salinity levels, are favourable habitat for many ant 
species, such as Iridomyrmex purpureus. Due to the abundance of ants in these landscapes, it 
is apparent that their activity may sometimes be a limiting factor for plant growth. It is likely that 
their presence alone would out-compete many other species, be that anything that resides on 
the ground, be that by predation or resource competition. It is therefore apparent that other 
insect species either need to avoid them entirely, or avoid them whilst they are active, only 
appearing when they are quiescent. They can be considered a keystone species in saline areas, 
not only due to their superior competiveness, but the likely positive effects that they have on the 
soil remediation (amelioration) process.  
Lastly, the presence of large permanent nests on most scalds, which extend to the B horizon at 
least, questions a surficial saline and toxic groundwater issue. It also suggests the predominant 
water movement above the B horizon is either absent where the ants nest is located, or the ants 
exclude the water somehow from their nest, making it waterproof. 
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8.10.3. Earthworms 
Stronger correlations between Worms and the Pine discs may be associated with the 
observation that these earthworms were predominantly exotic species and the Euc Worms, 
although the exotic species were also common, appeared to be favoured by the native species. 
This may account for Pine Worms (and consequently Total Worms) negative correlations with 
Scald and EC, the exotic earthworms being less tolerant and/or adapted to the degraded and 
saline conditions. The Total Worms were also negatively correlated to pH, suggesting 
intolerance to the alkaline conditions sometimes present at the degraded areas. 
 
8.10.4. Predators 
Predators such as ants, spiders, and centipedes are the most common and abundant 
inhabitants of the scald and degraded areas. The bare exposed conditions favour fast moving 
predators. This concurs with the results of King and Aitkins (2005), who also found that 
predators were predominant at salinised sites across Australia. Litter transformers and 
decomposers however, are less numerous, which can be expected as litter is usually absent.  
Foxes can be included as the vertebrate predator. Foxes (and hares) appear to favour the 
degraded areas by utilising the thickets as habitat. However, as foxes have an omnivorous, 
varied and opportunistic diet, and are highly efficient predators (Olsen 1998), it is likely that fox 
numbers have a major impact on the mammal and reptile population at all sites and as the scat 
analysis indicates, insects. They are therefore likely to be a confounding variable for any animal 
presence/absence research at degraded sites. Any adverse effects of elevated salinity levels 
per se upon mammals and reptiles is therefore likely to be a secondary factor. 
 
8.10.5. Salinity stress and disturbance 
The concepts of stress and disturbance are reviewed as any salinity toxicity will be a stress and 
if this is ongoing, will cause a disturbance. 
Stress consists of external factors that limit productivity and in some cases impacts biodiversity 
and include; temperature extremes, aridity (drought), low mineral nutrient levels, soil compaction 
with reduced aeration (Grime 1979; Brewer 1988). Grime (1979) suggests that stress forms 
another dimension to which adaptation in life history is important, hence stressed habitats tend 
to select for ‘stress tolerators’, such as plants that grow slowly, live a long time, and reproduce 
opportunistically. The main stressors for each environment, or soil condition, should therefore 
be measured and quantified. 
Ecosystem (or ecological) ’disturbance‘ is a complex subject taking up whole chapters in 
textbooks (e.g. Begon et al. 1996; Turner 1987) and large journal review papers (e.g. Sousa 
1984). Disturbance can be defined as an unusual event in what is considered normality, and 
that it upsets this normality (Rykiel 1985; Pickett et al. 1989). An ecosystem disturbance, or 
perturbation, therefore interferes with an otherwise settled condition. Begon et al. (1996) defines 
disturbance as “any relatively discrete event in time that removes organisms and opens up 
space which can be colonised by individuals of the same or different species”. Petraitis et al. 
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(1989) define it as “any process that alters the birth and death rates of individuals present in the 
patch” by directly killing individuals or by affecting resource levels, natural enemies, or 
competitors in ways that alter survival and fecundity. Hobbs and Huenneke (1992) point out that 
temporal and spatial scale are clearly important in recognition of the ‘discreteness’ of a 
disturbance event, as nearly any ecological or biogeochemical process might fall under the last, 
most inclusive definition.  
Disturbances can be natural, such as severe storms, the death of a senescent tree, or a fire 
ignited by lightning. Examples of human induced disturbances include the compounding effects 
of stock grazing (and rabbits), incursion of weeds, land (vegetation) clearing and road/track 
building. Predation may also be considered a disturbance and will produce different effects at 
different levels (Brewer 1988; Hobbs and Huenneke 1992), however, ongoing predation will 
become a stress. A number of authors point out that habitats that suffer frequent disturbance 
commonly select for weeds (e.g. Grime 1979; Brewer 1988; Hobbs and Huenneke 1992), which 
is an important consideration for the degraded (highly disturbed) salinised sites on the Southern 
Tablelands of NSW (c.f. Briggs and Taws 2003). Since agricultural practices perturb 
communities at an ever-increasing rate, it is essential to know how the communities respond to 
such perturbations and how they are likely to respond in the future. Management and policy 
decisions can then be developed from this knowledge.  
With high levels of disturbance, biodiversity, or species richness, may be reduced to the species 
best able to tolerate the subsequent habitat conditions (Begon et al. 1996; Fox 1979; Hobbs and 
Huenneke 1992; Sousa 1984) and with frequent disturbances, the community may remain in the 
pioneer stage (i.e. colonising species) with the diversity of the community generally low (Connell 
1978; Sousa 1984). Conversely, at very low levels of disturbance, the climax species may 
dominate to a degree that most other species are lost. It is therefore likely that it is at some 
intermediate disturbance level that the species richness will be the highest (Connell 1975, 1978; 
Fox 1979) and therefore, disturbance should not always be regarded as being detrimental to the 
ecosystem. The disturbances that are most effective in allowing a diversity of species to invade 
and colonise an area are those that harm community dominants (Begon et al. 1996). This 
suggests that patches of salinised areas within grassy woodlands should increase overall 
species diversity (gamma biodiversity), though there will be an optimal size for the patches. 
DeAngelis and Waterhouse (1987) emphasized that by integrating unstable patches such as 
some salinised zones, into an open system of a large landscape, such as grassy woodlands 
consisting of many variable patches, persistent species-rich communities can result. This 
therefore stresses the importance of the spatial scale at which we view the community.  
Stability and resilience 
The stability of a community is a measure of its sensitivity to disturbance (Begon et al. 1996; 
Odum 1993), which depends on its resilience and its resistance (i.e. to resist impacts or 
changes due to the disturbance). Resilience describes the speed with which a community 
returns to its former state after it has been perturbed and displaced (disturbed) from that state. 
Resistance describes the ability of the community to avoid displacement in the first place 
(Begon et al. 1996). One of the most important components of ecosystem functioning is the 
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stability and resilience of the ecosystem against environmental perturbation, which may be 
related to the insurance effect of having multiple species in the same functional group (Loreau 
2000; Diaz and Cabido 2001).  
The stability can be measured by a number of approaches, however, this research concentrates 
on the species richness and abundance (demographic approach), and other properties of the 
community, such as how well the landscape is functioning (i.e. Landscape Function Analysis), 
considering both biotic and abiotic factors.  
 
8.10.6. Edge effects of scalds 
Leopold (1933) coined the term ‘edge effect’ to refer to the increased or decreased density of 
species at edges of communities or in areas where two or more communities are intermixed in 
patches, a result of increased disturbance levels to one of the communities. Many authors have 
discussed edge effects since, particularly when fragmentation is an issue (e.g. Hobbs 1987; 
Oliver and Larson 1990; Laurence and Yensen 1991; Saunders et al. 1991; Malcolm 1994; 
Murcia 1995; Donovan et al. 1997; Zheng and Chen 2000; Cancino 2005).  
Edge effects are likely to be important for surveying biota across scald and non-scald 
boundaries, as they are the result of the interaction between two adjacent ecosystems, such as 
a bare scald and grassy woodland, when the two are separated by an abrupt transition, or 
‘edge’, which they usually are. Adjacent ecosystems experience flows of energy, nutrients and 
species across their mutual boundary (Forman and Godron 1986). As a result, edges may affect 
the organisms in a patch or fragment (remnant) by causing changes in the biotic and abiotic 
conditions (i.e. species composition, structure and ecological processes), that is, plants or 
animals located near the edge experience different environmental conditions to those located in 
the patch interior, such that plants will grow at a different rate than those of the patch interior. 
Animals such as macro-invertebrates may or may not persist. Therefore, over time, a strip 
adjacent to the edge forms which appears to be somewhat different floristically to the patch 
interior.  
Zheng and Chen (2000) indicate that edge effects are the most significant consequences of 
fragmentation resulting from both natural and human caused disturbances, and are the most 
influential when remnants are small or irregularly shaped, as is the case for many of the 
remaining grassy woodland remnants on the Southern Tablelands of NSW. There are basically 
three types of edge effects on these remnant patches; 1) abiotic effects, involving changes in 
the environmental conditions that result from proximity to a structurally dissimilar matrix; 2) 
direct biological effects, which involve changes in the abundance and distribution of species 
caused directly by the physical conditions near the edge (i.e. desiccation, effects of wind, 
temperature extremes and plant growth) and determined by the physiological tolerances of 
species to the conditions at and near the edge (bearing in mind that different species will be 
affected differently); and 3) indirect biological effects, which involve changes in species 
interactions, such as predation, competition, herbivory, and biotic pollination and seed dispersal 
(Murcia 1995). Many factors influence the different micro-climates between the adjacent 
ecosystems, such as the aspect (i.e. affecting amount of sunlight/shade), evaporation (moisture), 
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wind and temperatures (such as fluctuations and extremes), soil conditions and competition with 
weeds. These factors will penetrate the remnant to different depths and at different intensities. 
Cancino (2005) discusses the importance of aspect on the intensity of the edge effects, but also 
other potential modulators such as age of the individuals and the ecosystem, the matrix type 
(e.g. grassy woodland, rainforest etc), the size of the remnant, time since fragmentation, and 
previous (and present) management practices. Edge effects will also be dependent upon the 
differences between the edge and patch interior conditions, which in these grassy woodlands, 
due to the spatial heterogeneity, may not be that substantial. Edge effects may also operate at 
various times during the year (Murcia 1995), which on the Southern Tablelands, includes 
extremes of winter (frosts, cold winds) and summer (intense sunlight and heat, hot winds).   
Cramer and Hobbs (2002) report that edge effects surrounding salinised areas are an important 
consideration for scalds, as the impacts from the salinised front (‘edge’) will be apparent as it 
encroaches into the relatively unaffected (non-salinised) area, assuming that it is indeed, 
encroaching. It is therefore possible that if the salinised zones are in a state of expansion, then 
this ‘edge’ factor (effect) alone could increase the size of the salinised area. Indeed, due to the 
increased biodiversity levels usually associated with moderate accounts of disturbance as 
discussed by Connell (1978), Brewer (1988) points out that increasing edge can be a powerful 
tool in conservation management, especially if increased species diversity is an objective.    
 
8.11. Summary 
The data presented in this chapter indicate that degraded areas such as Bare Soil Patch Types 
and scalds, support a wide range of animals and are relatively biologically diverse. The pitfall 
traps and log discs with 14 insect Order, from 5 functional groups, in addition to 12 other taxa, 
including spiders, centipedes, earthworms, frogs and small reptiles. Ants are the most abundant 
by far, with 80% of the total animals caught in the pitfall traps, spiders second with 8% of the 
total. The most taxa identified at a single survey station was 11, and this was just 10m from a 
scald with the highest EC levels measured at all research sites. Predators such as ants and 
spiders are successful colonizers and persistent residents where the conditions suit them. Meat 
ants (Iridomyrmex purpureus) commonly build their large nests on scald surfaces, making it 
difficult for other animals to reside there as well, in addition to refuting the idea that a shallow 
saline water table is present beneath their nests. Four termite species were identified, 
sometimes also building their nests adjacent to scalds, and with at least two species prepared to 
venture into bare scald areas for feed, despite being little feed available. Frogs showed a 
positive relationship with scalds and elevated salinity levels, indicating a tolerance for the 
conditions. Mammals such as kangaroos and wallabies appear to be unperturbed by the 
degraded patches, and particularly elevated salinity levels, whilst foxes, rabbits and hares 
exploit the degraded conditions. Foxes are likely to be a major factor for animal presence and 
persistence. It is also likely that the common alkaline pH levels are more of a concern to biota 
than elevated EC levels. 
No evidence was found indicating that elevated salinity levels have a major impact on biomass 
or diversity. Therefore, scalds are certainly not biological deserts, with some animals not only 
tolerating the conditions, but exploiting them. No evidence was found that supports the notion 
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that salinity is a threatening process to terrestrial biota, as claimed by those discussed in 
Chapter 2. Indeed, it is argued that salinity is not a ‘process’ anyway, but one of many 
symptoms associated with severe degradation.  
Although the mean number of taxa beneath the logs is significantly lower at scalds, the 
difference is only by the one taxa. The reasons for certain taxa avoiding scalds is more likely 
due to other factors, such as little or no A0 and sometimes even A1 horizons, which equates to 
reduced or no litter, vegetation, soil organic matter etc., or no food and shelter. Elevated, 
fluctuating EC levels appear to be irrelevant for most animals. Hypotheses 3 can therefore be 
rejected. 
It does appear however, that the taxa assemblage changes somewhat across the scald 
boundary, which is expected considering the drastic change in habitat. Fossorial animals such 
as detritivores and decomposers avoid scalds as there is no A0 horizon, which means no 
habitat. 
The following chapter will focus on the producers, the vascular plants, to determine whether 
elevated salinity levels cause serious impacts, as previously reported. 
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CHAPTER 9  
 
FLORA 
9.1. Introduction 
The second of the biota chapters focuses on the vegetation. The results from this chapter 
predominantly aim to assist answering Question and Hypothesis 3, ‘are scalds biotic deserts?’, 
and also contribute information to addressing Hypotheses 1 and 2, ‘causation processes – 
surface or groundwater?’ and therefore, Question 5, ‘which conceptual causation model?’, 
Question 6 and Hypotheses 5 and 6, ‘best management strategies’. 
 
9.2. Flora surveys 
The impacts of elevated salinity levels on the flora in these grassy woodlands are reported to be 
severe, directly causing mortality (Briggs and Taws 2003). As a number of the same research 
sites that were used to derive this conclusion (Taws 2003) were used in this research, evidence 
of these impacts should be apparent. Therefore, the main objective of the flora surveys was to 
identify species growing in and around the degraded areas with elevated salinity levels, 
particularly scalds, rather than identifying every species present at the site or attempting to 
make absolute comparisons of the number and/or types of species growing at each site and 
between sites, as previous workers have done. The relative health of the plants was also 
observed. This included symptoms of ‘dieback’ and tree ringbarking. Additionally, flora and 
vegetation characteristics were collected at each station during the Landscape Function 
Analysis surveys, which are dealt with in Chapter 11.  
 
Additionally, quantitative measurement of the impact of soil surface degradation and elevated 
salinity levels on tree ‘health’, measured as photosynthesis efficiency, was also performed. 
 
9.2.1. Leaf Analysis 
Leaf analyses were performed in the field, with the main objective to quantify photosynthesis 
efficiency of the tree species, E. melliodora, the dominant flora species of the community 
(McIntyre et al. 2004; pers. observ.), growing in areas with and without elevated salinity levels. 
As photosynthetic carbon gain is an important factor in determining plant growth, and on a 
larger scale, ecosystem primary production (Pereira et al. 1987; Eamus 2003; Eamus and Jarvis 
2004; McPherson et al. 2004) and global carbon levels (Schimel 1995; Denning et al. 1996a,b; 
Schimel et al. 2001; Canadell et al. 2000), adaptations in photosynthetic rate are of fundamental 
significance to plants in the natural environment (McPherson et al. 2004; Prior et al. 2004). This 
includes those that may be stressed from elevated salinity levels (Bilger et al. 1995; Penuelas et 
al. 1995; Lu and Zhang 2000). Research into the effects of salinity levels on photosynthesis is 
scarce, absent in these grassy woodlands.  
It is predicted that trees growing in areas where soil salinity levels are elevated should have 
reduced photosynthesis levels (efficiency), as compared to trees growing away from areas with 
elevated salinity levels, as measured by the EM instruments and the soil EC(1:5).  
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9.3. Methodology  
9.3.1. Flora surveys 
All trees, grasses and herbs growing within or directly surrounding and downslope of scalds 
were identified to genus, and usually to species. Relative health of the plants as compared to 
those growing in less degraded adjacent grassy woodlands was also observed visually and 
quantified with a PEAmeter, as described below. Additional soil surface EC(1:5) levels were taken 
in the field when required, as described in Chapter 5. 
 
9.3.2. Leaf analysis - PEAmeter  
 
The PEAmeter, or Plant (Photosynthesis) Efficiency Analyser meter measures Photosystem II 
rapidly and reliably, allowing photosynthesis to be quantified. It is a light-weight hand-held 
instrument making it ideal for field work, hence this research. It has been used for similar 
purposes by Fred Chow (pers. comm.. 2005) at the Research School of Biological Sciences, 
Australian National University; Liu, Xu and Woo (2003, 2004, 2005),  Lebreton et al. (1995) and 
Cape et al. (2003). 
A PEAmeter (Hansatech Instruments Ltd King’s Lynn U.K.) was loaned from the RSBS (pers. 
comm. Fred Chow 2005), ANU, during spring 2005. E. melliodora were selected to perform the 
measurements as they are present at all research sites and do not suffer from widespread 
dieback as severely as E. blakelyi thereby reducing confounding from other dieback causes. As 
the leaves were not accessible from a large mature tree at Site 10, the first 9 sites were 
surveyed. Criteria used for the PEAmeter leaf measurements were; 
1) Trees growing close to transects and stations if possible, with both low and high EC levels;  
2) Leaves accessible from the ground (with the use of a small ladder if required);  
3) Mature leaves approximately 50-80mm in length;  
4) Leaves that were in reasonable condition (not extensively chewed or damaged);  
5) Leaves that were on the southern side of the plant, where possible, and  
6) Leaves that were in the shade (i.e. measurements performed out of direct sunlight).  
7) A minimum of 5 measurements per tree, more if few trees and enough leaves 
8) Measurements were performed during the morning on fine, sunny days. 
The measurement technique uses supplied leaf clips to initially dark-adapt the leaf surface prior 
to taking measurements. At least five clips were attached to the upper leaf surface at the 
broadest section of separate representative leaves on each tree. Previous users have 
suggested that 30 minutes is sufficient to dark adapt the leaves (Liu, Xu and Woo 2003; 2005; 
Lebreton et al. 1995; Cape et al. 2003), hence this time was used. Considering previous claims 
suggesting that salt kills native trees (e.g. Taws 2003; Briggs and Taws 2003), it was predicted 
that trees growing in areas exhibiting elevated salinity levels should produce significantly lower 
readings than those not subjected to the degraded conditions. 
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All sites were surveyed with the PEAmeter over 3 days at the end of November. A total of 38 
trees were measured, 13 from areas considered saline as measured with surface EC(1:5) (0-
10cm depth) (>~400µS/cm) and EM surveys (>50mS/cm), and 25 from areas that were not. The 
locations considered saline were usually within ~5m of high EC(1:5) and/or ECa readings, and 
down slope from the reading (therefore theoretically more saline). The number of trees 
measured was dependent on the number growing near transects at each site. 
 
9.4. Results  
9.4.1. Grasses 
A number of endemic grass species, summarised in Table 9.1, were identified commonly 
growing within and surrounding scalds, along scald boundaries, at all sites with scalds; Sites 1 
to 6, including those that had high to extreme salinity levels (Figures 9.1 a-c) and generally high 
ECa readings. Examples include Site 1 with three major scalds, including one with extreme 
surface soil EC(1:5) ~20,000µS/cm (see Figure 5.6), Site 2 with consistently high salinity levels, 
up to 4450 µS/cm, in the lower parts of the site, Site 3 with levels up to 1900 µS/cm, Site 4 
around one small scald with EC levels of 3500 µS/cm and site 5 with levels up to 13,600 µS/cm. 
Additionally, a number of these sites also had saline water running from the scalded areas into 
the grasses when raining, with EC levels sometimes >2000 µS/cm and up to 6000 µS/cm 
(Chapter 7), with no apparent adverse effects to the plants.  
 
Table 9.1 Native perennial grasses identified growing on or adjacent to scalds (Bare Soil Patches) at the 
research sites. (*Chloris truncata is usually biennial). 
Growth: S = grows on scalds; A = grows adjacent to scalds, including scald boundary; N = grows nearby 
scalds (growing within 5-10m). 
EC(1:5) = soil surface measurements taken in the field adjacent to, or upslope (<5m distance) from the 
plants; High (H) = 600-1000 µS/cm; Very High (VH) = 1000 – 2000 µS/cm; Extreme (E) >2000 µS/cm. 
Grass Common name Growth  EC(1:5) Notes 
Bothriochloa macra Red-leg grass N H Uncommon, found with other grasses 
growing nearby scalds 
Chloris truncata* Windmill grass S VH Common, hardy where it grows, found 
along scald boundaries and within scalds 
Cynodon dactylon Couch grass S E Common, hardy where it grows, found 
along scald boundaries growing onto and 
across bare scalds. Found in Vic, SA, WA. 
Austrodanthonia 
spp. 
Wallaby grasses S E Very common and hardy, found in clumps 
on pedestals within scalds and along scald 
boundaries. Found growing with and without 
other grass species, often with Themeda 
australis 
Dichelachne 
micrantha 
Short hair plume 
grass 
A H Uncommon, growing adjacent to scald 
boundaries and nearby with other grasses 
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Elymus scaber Wheat grass N H Uncommon, growing nearby to scalds and 
appears to favour relatively shadier and 
damper conditions 
Sporobolus creber Slender rats-tail 
grass 
N H Uncommon but can form large tussocks, 
growing adjacent to scald boundaries 
Poa spp.  S VH Common, a few species, found growing 
within scald and along scald boundaries 
Themeda australis 
[Syn T. triandra] 
Kangaroo grass A VH Very common, found growing along scald 
boundaries 
Aristida ramosa 
Stipa spp 
Wire grass 
Needle grass 
A 
A 
VH 
H 
Both hardy but poor fodder and considered 
weeds by farmers. 
 
 
a)   b) 
c) 
Figure 9.1. Endemic grass species growing in and surrounding scalds with extreme salinity levels. 
Grasses shown are Austrodanthonia spp. and Themeda. 
 
Cynodon dactylon (couch), considered by Eastern Australian grass experts to be native (Bill 
Semple and Wal Whalley pers comm. 2005), was the species exhibiting the most tolerance to 
the most degraded conditions with associated elevated salinity levels and extreme alkalinities, 
found growing directly within or adjacent to scalds. Cynodon dactylon was observed to grow 
onto and across bare scalds with its rhizome and branching stolon mat forming growth (Figure 
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9.2b). Austrodanthonia spp. were the most common grasses growing in and around scalds. 
Both Cynodon dactylon and Austrodanthonia spp. were also observed commonly growing on 
small terracettes and pedestals in degraded scalded areas (Figure 9.3) indicating an erosion 
problem rather than a salinity and/or groundwater problem. It also suggests that these persisting 
species comprised the original flora (endemic) of the site prior to the erosion occurring.  
 
a)    b) 
Figure 9.2. Couch appears to be the hardiest of the grass species, tolerating just about anything, 
including extreme soil salinities and alkalinities.  
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Figure 9.3. Grasses growing and persisting on terracettes, indicating that an erosion problem is removing 
the grasses and habitat. Grasses are naturally grazed by kangaroos and wallabies. 
 
An abrupt, sharply defined boundary between the scald and the grasses was usually present, 
indicating a sudden change in soil conditions (Figures 5.6, 9.4). The native tussock forming 
grasses appeared to be unaffected by any adverse effects of increased salinity. Instead, it 
appeared more likely that they are affected by the erosion along the boundary and immediate 
(proximal) degradation.    
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Figure 9.4. Abrupt scald boundaries, with no obvious signs of stress to the plants growing along this 
boundary, indicating a sudden change in conditions. Note also healthy eucalypt saplings. 
 
9.4.2. Trees 
The dominant tree species growing along the lower slopes and drainages on the Southern 
Tablelands are Eucalyptus melliodora and E. blakelyi. Numerous E. melliodora were identified 
colonising and persisting in and around degraded areas, including scalds (Figures 5.6, 9.4, 9.5) 
with elevated salinity soil surface levels and/or ECa readings, at most research sites and many 
other sites initially investigated during site selection. This was the case for all growth stages, 
seedlings to mature trees. E. blakelyi were also identified growing in degraded areas with 
elevated soil surface salinity levels (soil surface EC(1:5) >2000 µS/cm) (Figure 9.6a) although not 
as commonly as E. melliodora. This suggests that both species are relatively salt tolerant. Other 
species also show salt tolerance (Figure 9.6b). It should be noted that large mature trees were 
commonly found growing adjacent to scalds, downslope from scalds and between scalds. An 
example is at Site 1, where surface water in the shallow piezometers was measured up to 
~5000 µS/cm at each scald, closely spaced (<50m apart), with two large E. melliodora growing 
in-between.  
Regrowth and regeneration of E. melliodora and E. blakelyi was common at most sites, with the 
woodland understorey, where present, generally consisting of juveniles of these two species. 
Dieback was apparent in various degrees at most sites, mainly E. blakelyi, as it is across the 
entire Southern Tablelands.  
Other eucalypt species that were identified growing in and around degraded Bare Soil patches 
with high salinity levels at the research sites (and across the tablelands) belong to the Yellow 
Box Red Gum Grassy Woodland community and include; E. bridgesiana, E. cinerea, E. rubida, 
E. dives, E polyanthemos and E. viminalis. 
A particularly obvious feature which has previously commonly gone unnoticed is the amount of 
ringbarking to trees that has been done at many of the research sites. An excellent example of 
this occurs at Site 2, which is also the front cover photo of Taws (2003) report, where all the 
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large eucalypts around and within a large degraded area, with scalds, have been ringbarked, at 
least 25 years ago (Joe Maloney pers. comm. 2005). This is shown in Figures 9.7  
A summary of the observations are provide in Table 9.2, which shows the information concurs 
with the hypothesis that scalds are formed by surficial ‘top-down’ processes and scalds are not 
biotic deserts, the flora exhibits tolerance to the adverse conditions associated with in many 
cases, extreme degradation. 
 
    
 
Figure 9.5. Healthy eucalypts, of all ages, growing and persisting around scalds at Site 1, which was 
common at most research sites and many locations affected by degraded conditions with elevated soil 
salinity levels, in all Australian southern states. The EC at these scalds were measured as extreme and 
the water EC collected in the shallow piezometers was up to 5,000 µS/cm. 
 
242 
a)    b) 
Figure 9.6. a) Blakelys red gum seedlings growing in a scald at Site 2 with extreme salinity levels (>2000 
µS/cm); b) Acacia seedling growing in a scald at Site 1, EC of scald up to ~5000µS/cm. 
a)   b) 
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c) d) 
Figure 9.7. Dead ringbarked trees, commonly confused for salinity mortality. The photo at Site 2 a) is the 
front cover to the NPWS report by Taws (2003). The trees have been ringbarked. All of the dead trees in 
d) have been ringbarked, a property near Site 7, Coolalie, near Yass. 
 
9.4.3. Exotic species 
Exotic flora species were common at all research sites, however, some of these plants have 
been directly planted, such as tall wheatgrass (Thinopyrum ponticum) (Kevin Baker and Peter 
Brown pers. comm. 2004). A number of exotic grass species were present including briza (Briza 
minor) and narrow-leaf clover (Trifolium augustifolium). Narrow-leaf clover was identified at all 
sites and is particularly hardy and persistent, even in drought periods. Spiny rush (Juncus 
acutus) was common at degraded areas at all sites including scalds, excluding Site 1 and 
reportedly indicates increased salinity levels (Matters and Bozon 1989, DPI 2006), however, this 
association may be more influenced by the soil moisture and/or other factors due to soil 
degradation, as other favoured locations included swampy areas and/or seasonally wet, 
degraded areas such as roadsides with low soil salinity levels (i.e. <400 µS/cm). The spiny rush 
at a number of sites (Sites 2, 3, 4, 5) had been poisoned by the TSR ranger, as it is unpalatable 
to stock and considered to be refuge for foxes and rabbits (Joe Moloney pers. comm. 2005). 
Spiny rush were also identified at degraded sites in the Upper Hunter Valley, Victoria, South 
Australia and Western Australia.  
 
9.4.4. Tree Dieback 
Dieback, or trees showing visual signs of stress or mortality (see Chapters 2 and 12), is the 
predominant cause/effect used by previous workers to identify elevated salinity levels across 
southern Australian landscapes. It should therefore be an obvious feature in areas affected by 
degradation and elevated salinity levels, especially around scalds. A number of authors have 
attempted to quantify the effects of dieback by using comparative figures to cateorgorise the 
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stage of mortality, ranging from no ill effects to dead (Taws 2003, Thompson and Briggs 2005, 
DPI 2006).  
Dieback is observed to be a significant phenomenon across all parts of the landscape, including 
the hills and slopes. A qualitative assessment of E. blakelyi affected by dieback along the main 
road between Canberra and Boorowa in summer 2004 indicated that at least 60% were 
adversely affected and this is considered a conservative figure. E. melliodora is not impacted as 
severely. Most dieback was observed to be associated with foliavore insect attack in addition to 
apparent soil degradation associated with stock grazing. It was also common to observe 
individual dying or dead trees surrounded by healthy, apparently unaffected, suggesting a 
localised specific cause.  Many of the dead trees have actually been ringbarked (Figure 9.7) and 
without careful inspection, the mortality could be incorrectly linked to other causes, such as 
salinity (c.f. Taws 2003; Thompson and Briggs 2005). Drought also appeared to be severely 
adversely affecting trees during the early and later period of the research (2003-2004 and the 
end of 2006), however, following a period of reasonable rainfall during spring 2005 and early 
2007, some trees were observed to recover to some degree. This was the case for trees 
growing in areas with and without elevated soil salinity levels, suggesting that the trees were 
likely suffering from a general lack of water.  
No direct link could be established showing that trees growing in low lying areas associated with 
elevated EC(1:5) (i.e. >2000µS/cm) and/or ECa levels (i.e. >50mS/cm), were suffering from 
elevated salinity levels per se, particularly the E. melliodora, rather, trees growing in salinised 
areas, including those adjacent to degraded scalded areas with elevated salinity levels, 
generally appeared to be relatively healthy, usually showing no signs of dieback, nor mortality, 
as has been previously claimed by other researchers. Examples are shown in the figures above. 
 
9.4.5. PEAmeter  
Measurements taken from the salinised and non-salinised areas ranged from 80%-86%. The 
mean values were 83.3% SD 0.01 at scalds and 83.6% SD 0.02 at non scalds, with no 
significant difference between them (Table 9.2). This concurs with Liu et al. (2005) who also 
attained a result of 0.83 (+/- 0.01) and 0.79 (+/- 0.01) for two eucalypt species. This suggests 
that photosynthesis as measured from Photosystem II in young and mature E melliodora leaves, 
does not appear to be affected by elevated soil surface salinity levels.  
 
Table 9.2. Means of PEAmeter measurements taken from areas near scalds and areas away from scalds. 
Means are not significantly different  
Near scald Away from scald 
Mean SE SD Mean SE SD 
0.834 0.004 0.01 0.836 0.004 0.02 
 
Although the PEAmeter results are derived from just the one survey during one season, they 
were taken during spring following an average amount of rainfall (BOM 2006) when growing 
conditions were considered better than average and the photosynthesis efficiency should be 
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representative of the general health of the tree (Fred Chow pers comm 2006). The results also 
concur with the direct field observations in that most trees appear to be healthy, in addition to 
other studies.  
  
9.5. Discussion 
9.5.1. Flora 
This chapter provides evidence that scalds and areas with elevated surface soil salinity levels 
are not biotic deserts, with a number of endemic grass and tree species showing tolerance of 
the degraded conditions. This includes elevated salinity levels. The results also suggest that 
scalds are not associated with shallow toxic watertables, rather, surficial ‘top-down’ processes. 
This has implications for the construction of a salinity causation model and therefore 
management considerations. 
No evidence was found that suggests that endemic grass or tree species are adversely affected 
by elevated salinity levels. This has been argued by Bann and Field (2006b,e, 2008, 2010b).  
The conclusion applies to all life stages. A summary of the results from the flora surveys are 
provided in Table 9.3. 
The persistence of endemic groundcover species at highly degraded and salinised sites is 
encouraging. Taws (2003) found that Austrodanthonia spp. (wallaby grasses) were the most 
common endemic species growing at saline sites in the region, often persisting close to the 
“encroaching front of salinised ground”. She also points out that these grasses grow on 
pedestals within the actual salinised areas. Both of these observations were confirmed and in 
many cases, these persisting grasses show no adverse effects of the elevated salinity levels. In 
addition, no evidence was found for an “encroaching salinity front”, indeed, this slowly moving 
phenomenon is more likely to be due to the grasses encroaching onto the scalded area and not 
vice versa. This is also the case for a number of other endemic grass species. Allan (1996) lists 
Austrodanthonia eriantha, and Rogers et al. (1996) lists Austrodanthonia richardsonii, both 
Victorian species, as salt tolerant, but only at relatively low levels of salinity. Semple et al. (1994) 
found Austrodanthonia species to be present at 8 out of the 47 saline sites investigated on the 
central western slopes of NSW. Runciman (1986) mentions the increased salinity tolerance of 
Austrodanthonia (Danthonia) species at southern Australian non-irrigated dryland salinity sites 
and Bann and Field (2006b, 2010b) identified Austrodanthonia species as among the most salt 
tolerant endemic grasses on the STNSW, found growing adjacent to, and down-slope from,  
soils with a surface salinity of up to 20dS/m (20,000µS/cm) EC(1:5). Moreover, other researchers 
have also listed Austrodanthonia spp., in addition to a number of other native species, as 
providing high quality forage for domestic stock (e.g. Archer and Robinson 1988; Robinson and 
Archer 1988; Lodge 1996; Jones 1996; Garden et al. 1996). As plants are found growing in 
areas with elevated salinity levels, salinity is not the main limiting factor. 
As all of the grass species identified in this research have broad distribution ranges, some of 
which extend across the southern states, it is possible that they may have particular local 
provenance adaptations (i.e. ecotypes) enabling them to tolerate the particular conditions at 
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each site, in which case, management activities should accommodate this possibility by 
collecting seed from the local plants, such as where mature grasses persist in highly degraded 
and salinised areas, for subsequent propagation and replanting activities in similar localities. 
The question does arise, in these grassy woodlands, and at these particular sites, is a grassland 
high in grass species diversity preferable (or perceived as better) to one that is dominated by a 
few dominant species, such as Austrodanthonia sp. and Themeda triandra, but has 100% 
healthy ground coverage (or close to) of these two endemic species? It is quite possible that the 
grass species diversity is naturally low in certain locations, similarly to there being only one or 
two tree species naturally present in the woodlands, such as E. melliodora with or without E. 
blakelyi.  
Trees and a number of native grass species growing in and around degraded areas, including 
drainage lines, with elevated salinity levels are common and were observed at many locations 
across the Southern Tablelands, as well as sites visited in the Upper Hunter Valley of NSW, 
Tasmania, Victoria, South Australia and Western Australia, where healthy trees were observed 
growing in areas that are presumed to be associated with rising saline groundwaters (e.g. 
Figure 9.8). These include Cynodon dactylon, Themeda australis and Austrodanthonia spp. It 
appears to be more tangible to blame tree mortality on something else, such as (root) anoxia or 
other factors consequent to the soil degradation and altered surface hydrology (Figure 9.8).  
Trees growing adjacent to, between, and within scalds, refutes shallow toxic groundwater being 
the cause of the scald formation. It also indicates that the scald formation is independent of the 
health of the adjacent tree, hence a surficial process causing the scald is logical. 
 
a)  b)  
Figure 9.8. Healthy trees and extreme surface salinity across southern Australia 
a) A healthy eucalypt (foreground) growing in a severely degraded (and scalded) drainage line with soil 
surface (0-4cm) EC(1:5) levels of 5600 µS/cm, the Wheatbelt, Western Australia. This tree should be 
dead if the issue here was due to a saline shallow groundwater problem. The road is constricting an 
old drainage line altering surface hydrology. Note also the healthy trees on the other side of the 
channel and the dead trees within the channel (which have likely died from other degradation factors), 
such as waterlogged soils (anoxia). 
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b) Healthy trees growing adjacent to a scalded area with surficial evaporites (white material), surface 
(0-4cm) soil EC(1:5) of 4200 µS/cm, Mount Lofty Ranges, South Australia. Another example of surface 
conditions exacerbating evaporite deposition without affecting adjacent vegetation. Groundwater 
concerns are unnecessary. 
 
The possibility of recruitment and/or dispersal of flora species are likely to be low due to a 
number of reasons. The highly fragmented landscape and sometimes lack of remnant trees 
provides little opportunity, in addition to the lack of favourable locations to germinate and grow, 
particularly in the degraded and bare scalds. Any seeds that end up on the scald surface are 
likely to be quickly removed by wind or rain from runoff, and if not, have to tolerate the adverse 
physical, chemical and biological conditions. The abundance of ants is also likely to affect seed 
removal (Westoby et al. 1991; Anderson 1991). Anderson (1991) indicates that seed-harvesting 
by ants demands consideration when designing management programs in Australia’s natural 
ecosystems. In these landscapes, ants are arguably the predominant taxa, hence further 
investigation is warranted.  
The recruitment and germination success is also likely to be governed by the present grazing 
regime, through both trampling and grazing (i.e. continued reduction in size and/or complete 
removal of the plant). Kirkpatrick (1996) states that in most circumstances, if stock are removed 
from paddocks containing live eucalypts, regeneration will occur and rural dieback will be partly 
defeated within relatively short amounts of time (a few years). Many sites were observed with 
mature trees, both E. melliodora and E. blakelyi with young recruits growing nearby, but these 
sites were generally the less intensively grazed sites. It is obvious that in some situations the 
degradation and continued grazing prevents any likely recruitment occurring. 
The lack of seedlings and juvenile trees at many sites is a common feature across the Southern 
Tablelands of NSW, an indication that germination is not succeeding, or that growth as a 
seedling is being impacted, hence the mortality rate is high. Fischer et al. (2009) discuss this 
dilemma occurring in the grassy box woodlands of NSW and call it the “tree regeneration crisis”, 
with the effects being an ongoing threat to the regions ecosystems. This crisis is basically due to 
conventional and unsustainable grazing practices. They indicate that the probability of 
regeneration under fast-rotational grazing (i.e. prolonged rest periods in between short, 
intensive grazing events) was up to 4-fold higher than under conventional grazing, with a similar 
probability to ungrazed areas. Therefore, they conclude that the tree regeneration crisis can be 
reversed by more appropriate grazing regimes. Grazing practices are discussed further in 
Chapter 12. 
Given the extreme spatial soil heterogeneity, scale is likely to be important as plants will grow in 
areas with the most favourable conditions, such as slightly elevated areas (Cramer et al. 2004), 
or areas where evaporite accumulation is restricted from periodic flushing. Roots may also 
actively avoid areas in the soil profile where elevated salinity levels are a factor (such as at the 
surface at degraded areas), or favour areas in the soil profile that receive periodic flushing from 
accessions of relatively fresh water. The importance of scale is discussed further in Chapter 12. 
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Plant presence and abundance are therefore likely to be dictated by many factors such as 
historical and recent anthropogenic factors and physiological restraints such as dispersal 
capabilities of the species, rather than by absolute environmental factors, especially elevated 
salinity levels exclusively.  
 
Table 9.3. Flora survey summary with implications for this research. 
Observation Implications 
Abrupt boundary at scald/ground 
cover with no obvious impacts to 
grasses 
If the scald was caused by rising shallow groundwater it is expected 
that the boundary should be gradational, where grasses show 
stress or mortality at the boundary. The abrupt boundary is 
evidence of a proximal surficial degradation (erosional) problem. 
Grasses persisting down slope 
from extreme soil salinity levels 
Saline runoff water across the scald surface and saline interflow 
beneath the surface does not adversely affect the grasses 
downslope from the elevated salinity levels.    
Grasses persisting on pedestals Grasses persisting within the scald are likely to be remnants 
growing before the scald formed, and during, hence, suggests a 
surficial erosion (degradation) problem, in addition to persistence of 
the grasses in the hostile conditions. 
Grasses persisting in scalds May indicate that the grasses have germinated in situ, or at least 
that they tolerate the hostile conditions. Also more likely to be 
associated with surficial degradation than toxicity from beneath. 
Hardiness of couch grass (and 
others) 
Couch grass appears to be one of the hardiest grass species for 
remediating scalds. This is discussed further in Chapter 12. 
Variety of native perennial grasses The number of species persisting in and around scalds indicates 
that all are relatively salt tolerant, in addition to being tolerant of the 
other adverse symptoms associated with the degradation. This has 
further implications for management discussed in Chapter 12. It 
also indicates that floristically, scalds are not biotic deserts. 
Large and small trees growing 
adjacent to and between scalds 
Similarly to grasses, this indicates that the trees are tolerating any 
adverse conditions associated with the scald, which the scald 
formed independently of the health of the trees hence the scald did 
not form from shallow toxic groundwater. It indicates that the scald 
was caused from a surficial ‘top-down’ degradation process. 
Large and small trees growing 
down slope from scalds 
Similarly to grasses, this indicates that saline water flowing across 
and through the scald topsoil is not impacting the trees at the lower 
elevation. It also suggests that the scald did not form from shallow 
toxic groundwater – or the tree should be suffering, or dead? 
Juvenile trees growing in scalds Saplings in scalds have germinated in the present conditions. 
Juvenile trees growing in scalds indicate that the trees have been 
able to persist whilst the roots penetrated the top soil during growth. 
This is discussed further in Chapter 12. 
Endemic grass and tree species 
showing tolerance of the degraded 
conditions 
The tolerance indicates that many of the endemic species have 
adapted to the degraded conditions, and this includes fluctuating 
salinity levels. This is discussed further in Chapter 12. 
Dieback is universal across the 
landscape 
Numerous factors can impact tree health, with salinity being just 
one, hence it cannot be blamed for dieback just because soils may 
have elevated salinity levels (Chapters 2 and 12)  
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9.5.2. Endemic species.  
Many genotypes and species of both glycophytes and halophytes are known to evolve tolerance 
to salt toxicities, but the evolutionary and physiological mechanisms controlling tolerance are far 
from understood (e.g. Singh 1989; Munns 2002; Borsani et al. 2003; Tester and Davenport 
2003; Flowers 2004; Khan and Weber 2009). It is universally recognized that the mechanisms 
are both genetically and physiologically complex. To explain the observed fitness of biota 
persisting in these saline landscapes, it is most probable that the endemic flora species have 
also found ways to tolerate any adverse conditions imposed from the degradation, including 
elevated salinity and sodicity levels. Adaptations necessitate the ability to tolerate periodic 
extreme salinity levels, in addition to often sudden fluctuations, which may therefore involve 
more complex and/or different mechanisms. For both plants and animals, this may involve 
different adaptations and tolerances for different life stages, or stages of development. Animals 
may also include avoidance strategies, which could be instantaneous, such as moving 
elsewhere when levels increase to a certain concentration, or more gradual, such as seasonal 
movements. Plants may also use avoidance mechanisms, such as root systems following 
pathways of low salinity, or perhaps areas with maximum hydraulic permeability that are most 
frequently flushed. Areas of the profile are also likely to contain relatively fresh water (Stephens 
1996), which could be utilised by the plants, possibly opportunistically following rainfall. 
Although many previous studies performed in the laboratory do indicate that increased salinity 
levels on germination success and/or seedling persistence often have drastic effects, the 
explanations for this should be diverse, and considering the observed fitness of many plant 
species growing in salinised areas with extreme salinity levels, the laboratory studies performed 
investigating the impacts of increased salinities on germination or growth of seedlings likely 
have little applicability or relevance to actual field conditions where complex spatial and 
temporal heterogeneities exist.  
The adaptive advantages apparent from the observed species presence may not be performed 
at the scale of an individual species, but more so at an ecosystem scale, where organisms 
persist through mutualistic and commensalistic benefits. These interactions are also likely to be 
scale (and spatially) dependent (Williams et al. 1990; Levin 1992). The same could also be said 
for such interactions involving competition and antagonism, where these behaviours may 
actually benefit a particular organism, or group of organisms. Evidently, the (synergistic) 
ecological mechanisms may be very complex indeed. 
An important issue to consider for both plants and animals is not just the quantity of available 
habitat, but the quality of the habitat as related to ecological function. The response of some 
individual taxa and hence the number of species persisting will be affected strongly by this 
quality aspect of the remaining habitat (Lindenmayer and Luck 2005). When all the relevant 
variables are considered, it can be said that any one of these, or a combination of, may 
determine an animals or plants presence or absence. Additionally, change in species diversity 
does not necessarily indicate changes in ecosystem functioning (Tilman and Lehman 2001), as 
ecosystem functioning is related to both species diversity and functional diversity (Walker 1992; 
Diaz and Cabido 2001; Holt and Loreau 2001; Naeem 2002).  
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The total diversity of endemic species at the landscape level will likely be greatest when 
disturbance occurs at its historical frequency and in the historical pattern (Hobbs and Huenneke 
1992), whatever this frequency is. Ultimately, it is the species that are best adapted, or 
specialised, to the openings provided and associated (adverse?) conditions at the degraded, 
disturbed scalds that will allow establishment of both the colonising and persisting species. In 
these grassy woodlands, the specialised colonising species are also the persisting species, E. 
melliodora and E. blakelyi are usually the two tree species and the grass colonisers include any 
number of the endemic species. Invariably, this may also be exploited by invasive species, or 
weeds, such as Juncus acutus. 
Nathan (1999) and Dahlhaus et al. (2008) document degraded sites associated with salinity in 
Victoria and indicate that many are of primary nature, present prior to European settlement. 
Dahlhaus et al. (2008) therefore points out that these sites need to be managed as saline sites, 
the high salinity levels are natural and need to be maintained, rather than attempting to reduce 
them. The same conclusions have been documented in wetlands and salt lakes (Close 1990; 
Williams 1998, 2002; Davis 2001; McEvoy and Goonan 2003) and Australian salt marshes 
(Laegdsgaard 2006). This indicates that the biota is adapted to the prevailing adverse 
conditions, as might be expected. This is applicable in the grassy woodlands of the Southern 
Tablelands, where the vegetation can be considered to be euhalophytes (Walter 1961), or 
plants that sometimes tolerate salinity levels like halophytes, they are adapted to increased 
fluctuating salinity levels. It is therefore likely that they not only tolerate the adverse conditions, 
but actually require them for survival. Indeed, Gutierrez-Canovas et al. (2009) discuss “dilution 
stress”, in which biota are adversely impacted when salinity levels fall below a certain level. This 
is an interesting proposition to be considered for the ecosystems developed on the naturally 
occurring sodic and saline soils of the Southern Tablelands, as the areas with increased salinity 
levels may very well be an integral part of the evolution, ecology, and diversification of the 
grassy woodland ecosystems (c.f. Bui 2009).  
Finally, salinised zones, particularly scalded areas, can be considered as patches within a 
heterogeneous habitat (a greater matrix of grassy woodlands and paddocks) and can therefore 
be considered as small ‘islands’, with respect to the habitat provided and organisms colonising 
them, such as “equilibrium theory” of MacArthur and Wilson (1967, 2001), and Janzen (1968) 
and “habitat diversity” and “patch size” of Simberloff and Wilson (1969), Simberloff (1976), 
Simberloff and Abele (1976), and Usher (1985). The consideration of ‘island theory’ introduces 
many questions which may be relevant to this research although beyond the limit of this 
discussion. 
9.5.3. Tree health   
Low soil water availability without elevated salt concentrations, such as severe drought, display 
similar visual effects on the impacted plant as would slightly greater rainfall but with elevated 
salt levels. The degree that the plant suffers will be associated with other important factors, such 
as initial condition, the age of the tree, where older trees may be affected and younger ones not, 
or vice versa, insect or other herbivore attack, grazing pressures and other land management 
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and environmental factors. The association between dieback and salinity is therefore 
problematic.  
 
9.5.4. Summary 
The results from this chapter assist answering Question 3 and Hypothesis 3, are scalds biotic 
deserts?, clearly they are not, many endemic flora species appear to be relatively tolerant of the 
degraded conditions, including endemic grass and tree species. Both can be found growing in, 
adjacent to, in between and downslope, of scalds with measured elevated surface soil salinities, 
often greater than 600µS/cm, in addition to surface water salinities (commonly around 5000 
µS/cm). Moreover, the PEAmeter measurements of photosynthesis efficiency of E. melliodora, a 
surrogate measure of tree health, indicated that these trees do not appear to be affected by 
elevated surface soil salinity levels. This therefore disagrees with previous research and reports 
which claim that salinity levels are bad.  
The results also assist addressing Hypotheses 1 and 2, causation processes. No evidence was 
found to suggest that shallow saline groundwater is impacting the vegetation, at any sites, at or 
around degraded areas including scalds, and was certainly not the predominant cause of the 
degraded conditions. Additionally, the results also provide information to assist answering 
Question 5, the most logical conceptual causation model, and Question 6 and Hypothesis 5, 
best management strategies, which are discussed in Chapter 12. 
The following chapter, the 3rd of the biota chapters, explores the subsurface biodiversity, soil 
microbes and bulk soil respiration, and soil organic matter.  
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CHAPTER 10 
SOIL MICROBIOTA and ORGANIC MATTER 
10.1. Introduction 
The soil biota, measured as bulk soil respiration with ten bacteria and fungi analyses, in addition 
to soil organic matter and carbon, are presented in this chapter. The chapter predominantly 
assists answering the thesis Questions and Hypotheses 1 and 2; ‘causation processes’ and 3; 
‘scalds are biotic deserts’, in addition to 5 and 6; ‘conceptual causation model and best 
management practices’. Degraded patches, particularly scalds with elevated salinity levels, are 
expected to have lower and altered levels of microbial activity, hence soil respiration; scalds 
should be ‘biological deserts’, both above and below the surface. Respiration should be 
associated with salinity levels. The amount of soil organic matter (SOM) should also show 
obvious signs of this degradation and be severely depleted at Bare Soil Patch types, especially 
scalds. The top down degradation process should also increase lateral heterogeneity of the soil 
biota and hence soil respiration rates. The same should follow for SOM. 
The objective was to quantify bulk soil microbial respiration rates across the landscape, hence 
determine differences between Bare Soil Patches, particularly scalds, and vegetated, non-
scalds with low EC levels. Relative rather than absolute rates have been reported as being 
sufficient for this purpose (Ewel et al. 1987 and Sparks 2005). 
It was predicted that the samples from the Bare Soil Patch Types, especially the saline scalds, 
should have lower soil respiration levels than those from the vegetated Dense Grass and Treed 
Patch Type soils. Low respiration rates should be associated with other symptoms of soil and 
vegetation degradation, such as pH extremes. Lateral heterogeneity associated with the surface 
soil and vegetation degradation should also be considerable. The respiration results precede 
the microbe analyses and SOM. 
10.2. Soil biota and bulk soil microbial respiration 
 
Soil organisms perform a diverse range of ecosystem processes that are essential for 
agricultural purposes, in addition to underpinning environmental health (Richards 1987). Smith 
and Paul (1990) concluded that fluctuation in soil microbial biomass can cause significant 
increases or decreases in nutrient pool size and turnover, which ultimately controls the fate of 
plant nutrients in the soil (Filip 1998). They are therefore essential in ecosystem function and 
perform many vital soil functions, including; 
1) decompose organic compounds and release inorganic elements, including nutrients 
(mineralization) 
2) fragmenting and mixing organic matter (SOM) throughout the soil profile.  
3) oxidize reduced forms of elements, such as sulphur to sulphates and nitrates to a 
biologically utilizable form, N2 and ammonia 
4) pathogen population control 
253 
5) improving and maintaining soil structure and forming channels and pores concentrating fine 
soil particles into aggregates and  
6) degrade organic wastes and pollutants to CO2 and H2O. 
 
Through these mechanisms, Gupta and Roget (2004) report the following functions; 
a) support the nutrient supply of plants and provide a labile pool of nutrients,  
b) are a food source for soil fauna,  
c) play a key role for soil structure, such as soil aggregate stability being improved by the 
microbial excretion of polysaccharides, 
d) with respect to ecotoxicology, microorganisms are able to degrade toxic organic 
compounds and assist with decontaminating the environment, 
e) many microbial species produce water-soluble pigments that serve as chelating agents, 
or siderophores, responsible for binding or dissolving certain cations. This may also be 
the case for Na+. 
f) produces highly decomposed organic materials that contribute to the cation exchange 
capacity of the soil (Richards 1987; Sylvia et al. 2005).  
 
Dilly and Blume (1998) point out that as the above functions are directly affected by 
anthropogenic and environmental impacts and stresses, microbes should be included as 
indicators for ecosystem function and soil remediation studies. Furthermore, Sardinha et al. 
(2003) found that salinisation has a strong depressive effect on the soil microbial biomass and 
caused a pronounced shift of the microbial community structure towards prokaryotic 
microorganisms, even at low pH, where the microbial biomass is usually dominated by fungi. 
10.3. Soil organic matter and carbon 
Soil Organic Matter (SOM) and soil organic carbon (SOC) are presented in this chapter due to 
the intrinsic association with soil biomass and microbial respiration. 
It has been reported that saline soils are deficient in SOM (Jones 2000a, 2001, 2006; Tunstall 
2004, 2005; Packer and Lawrie 2004; Wagner 2001, 2005; Szabolcs 1989). The change in 
quantity and quality of SOM, such as humic substances, can be indicative for aggradative 
and/or degradative developments in a soil ecosystem (Filip 1998). These changes should be 
apparent at these research sites, such as across different Patch Types, especially at scalds with 
elevated salinity levels. It is predicted that SOM levels should be reduced at the more degraded 
and bare areas, especially scalds.  
Soil Organic Carbon (SOC) is a component of Soil Organic Matter (SOM), and measuring soil 
organic carbon (SOC) can be used to assess the amount of SOM (Walsh and Beaton 1973; 
Baldock and Skjemstad 1999; Wolf and Wagner 2005). Amounts can vary depending on soil 
forming factors, including management practices, especially grazing regimes and land clearing, 
climate, soil mineral composition, soil biota, including vegetation, topography and the frequency 
of various natural and anthropogenic induced events, such as fire, flooding and erosion. In 
grassland soils such as these, organic matter input and associated microbial biomass activity 
are typically concentrated in the top few centimetres of soil (Lavahun et al. 1996). Levels of 
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SOC are also usually the highest in surface soils and decrease with depth due to this organic 
matter input and biological activity (Paton 1978; Skjemstad et al. 1998; Baldcock and Skjemstad 
1999). As this is also where evaporites accumulate, any increase in salinity levels should induce 
the most stress on microbes, it is also where the majority of the research indicators are focused. 
 
10.4. Methods 
 
10.4.1. Measuring bulk soil respiration 
 
Studies of the rate and mechanism of nutrient cycling in ecosystems are enhanced by 
measurements of microbially evolved CO2 as an indication of the extent of either soil respiration 
or organic matter decomposition (Wollum and Gomez 1970; Gupta and Singh 1977; Anderson 
1982; Bekku et al. 1997; Filip 1998; King and Harrison 2002). 
The bulk soil respiration procedure measures carbon dioxide released from microbial and root 
respiration and litter decomposition (Coleman et al. 2002; Petterjohn et al. 1994; Davidson et al. 
2000a,b; Conant et al. 2001, 2004; Richards 1987). It is a bulk measurement in that carbon 
dioxide evolved by all soil fauna and plant roots are not discriminated. Generally speaking, the 
higher the respiration rate, the higher is the rate of biological activity in the soil. The soil 
respiration rate is particularly affected by temperature and is generally higher in ecosystems in a 
state of climax (Gupta and Singh 1977).  
A number of bulk soil respiration measurement techniques have been previously used in the 
literature, including the use of barium hydroxide, sodium hydroxide and the Draeger tube 
apparatus method (e.g. Wollum and Gomez 1970).  Solid and solute NaOH made up from 
pellets contains significant amounts of carbonate contamination due to CO2 absorption and 
requires constant calibration (David Tongway pers comm., 2004). Potassium hydroxide (KOH) 
on the other hand, prepared from ampoules of concentrated volumetric solution has no 
carbonate contamination and facilitates the collection of very reliable data (Kalamdhad et al. 
2008). There is also a direct linear relationship with CO2 production and the conductivity of the 
KOH (Strotmann et al. 2004). Due to the accuracy and the relative ease of measurement, the 
use of the KOH was adopted.  
The advantage of performing bulk soil microbial respiration measurements in the field include 
preserving the soils natural bulk density, structure, and ambient temperature, as the soil is 
somewhat buffered against major fluctuations in temperature. It also avoids the unnecessary 
exposure of subsoil materials to the effects of oxygen.  
The ‘inverted box’ KOH alkali absorption or, ‘closed chamber’ method, was therefore utilised to 
measure the bulk surface soil microbial respiration rates over a 24 hour period; in addition to the 
‘Solvita Soil Life’ method. At the time, the Solvita Soil Life Kit was relatively absent in research 
studies in Australia, especially these soils, hence was trialed against the proven ‘inverted box’ 
technique.  
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10.4.2. The ‘Inverted box’ soil respirometer methodology.  
The inverted box respiration survey method is discussed by Witkamp M (1966), Kirita (1971), 
Bekku et al. (1997), King and Harrison (2002), Strotmann et al. (2004) and Kalamdhad et al. 
(2008).  
The methodology suggested by Strotmann et al. (2004) was adopted due to its precision, ease 
and repeatability. Luo and Zhou (2006) indicate that the method is economical, robust, reliable 
and repeatable, for taking large numbers of repeated field measurements necessary for 
obtaining soil surface CO2 effluxes over sites with large spatial heterogeneities. They 
recommend minimizing soil disturbance, microclimate and pressure changes within the chamber, 
including temperature and moisture. Temperature only varied 1-2ºC between the surveys at all 
sites, which allowed temporal comparisons. 
Forty respirometers were designed and constructed according to suggestions by D. Tongway 
pers. comm. (2004), with a few modifications. The respirometers were tested for leakage prior to 
use, by inverting with the lids attached and pouring water into them and observed, with any 
leaks fixed to ensure a tight seal.  
A subset of five sites from the 10 research sites were chosen for these surveys; Sites 1, 2, 5, 6, 
and 7. These sites represented the landscape conditions, particularly some of the most severely 
degraded scalds, as well as sites in relatively good condition. Sites 3, 4 and 8 were excluded 
due to interference concerns, by both people and animals, and Sites 9 and 10 due to site 
inaccessibility and difficulty in carrying equipment. The forty respirometers allowed ten out of the 
total twelve transects at the two case study sites, 1 and 2, to be measured simultaneously, 
giving a total of 125 measuring stations from the 5 sites. A total of 25 stations were from scalds. 
Additionally, prior to the main surveys, 3 surveys were run at Site 1 on just 10 stations, with 3 
transects an extra (4th) survey performed. These were to investigate seasonal/temporal changes. 
A set respirometer is shown in Figure 4.3 and Fig 8.1a. 
The following procedure was adopted; 
1) 0.5 M. KOH was mixed into plastic vials from imported ready mixed (brand BDH) 1M KOH 
ampoules two days prior to field surveys being undertaken. 
2) Saturation levels of CO2 were determined by setting the respirometers in home garden soil 
with 50ml KOH and run for 24 and 48 hours. 
3) At each site, circular areas of approximately 25cm diameter were prepared at the stations to 
be measured, carefully removing all vegetation, leaf litter and debris (A0 horizon) on 
relatively flat, undisturbed surfaces. Soil surface and vegetation disturbance was kept 
minimal, as both can increase CO2 production and therefore affect results. Wherever 
possible, areas free from obvious proximal roots and nests or burrows were chosen. 
4) The respirometers were placed on the prepared surface with the lids removed, and 
hammered into the soil to a depth of 4cm with a small sledge-hammer and a specially 
constructed wooden bash plate. A wooden bash plate was chosen over a metal plate in that 
it was lighter to carry around the site, cheaper, easier to construct and made less noise 
when hitting it. If rocks or large roots were encountered, the location was moved slightly to 
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account for this. Any small surface roots encountered were cut with a sharp knife or chisel 
causing minimal surface disturbance, to prevent any gas leakage, hence erroneous results. 
Soil was gently firmed to the disc by hand once in place at the correct depth. 
5) 250ml of collected rainwater was sprinkled into the disc, covering the soil surface to a depth 
of approximately 8mm, being analogous to rapid storm rainfall. 250ml was used as it 
sufficiently covered the soil surface and was a convenient amount to carry around the site in 
1litre bottles per transect. 
6) The time for this water to infiltrate the soil was measured in hours. This was later converted 
to ml/cc2/hr for the unassisted (natural) infiltration rate. 
7) The lid was loosely replaced to allow equilibration over the following 24 hours.  
8) Upon returning the following day the lids were removed to allow equilibration with the 
atmosphere and remove any built up gases within the respirometer. The mixture of fresh 
0.5M KOH solution prepared two days earlier was measured for the EC using a 0-200 
ms/cm electrode. (i.e. time = 0 hours), then using an alkali resistant 50 ml syringe and 60ml 
measuring cylinder, dispensed 50ml of KOH into a 100ml diameter, 20mm deep PVC pipe 
end cap that was placed on the soil surface within the centre of the respirometer (disc). The 
lid was quickly secured to prevent gas leakage. All respirometers were set consecutively 
and left for 24 hours minimum. 
9) The following day, the same order of setting was followed to remove the lids and quickly 
measure the direct EC of the KOH. Excess KOH was poured into a waste container and 
returned to the laboratory for disposal. 
10) All respirometers were collected, cleaned and returned to the carrying case. 
11) Measurements were converted into mlCO2/cc2/hr that represented the amount of CO2 
evolved over the 24 hour period. 
Respiration measurements were performed when the soil was initially relatively dry to avoid the 
affects of excess soil moisture, such as occurs with waterlogged soils during wet periods. Water 
content approaching or exceeding saturation is the prime cause of poor soil aeration because 
the rate of oxygen diffusion through water-filled pores is many orders of magnitude slower than 
through air-filled pores (Foth and Turk 1972). The soil microbial activity is directly related to the 
rate of oxygen diffusion through the soil (Richards 1987; Bekku et al. 1997; Sylvia et al 2005).  
 
10.4.3. Solvita Soil Life Kit 
 
The Solvita Soil Life Kit is a relatively new, easy to use, portable and reliable soil test kit that 
measures soil biological activity (Doran et al. 1997; USDA 1999; Woods End 2005; Haney et al. 
2008a,b). It was developed at the Woods End Research Laboratory in the US during the 1990’s. 
Validation tests have been extensively tested internationally (USDA 1999, Harden and Mathews 
2002; Reeve et al. 2005; Brinton et al. 2007; Haney et al. 2008a,b; Mendoza et al. 2008; Doran 
et al. 1997; Ni Chualain and Prasad. 2007; Kapanen et al. 2008; and Kalamdhad et al. 2008). 
Comparison data from these studies show excellent correlation with quantitative lab CO2 assays. 
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Indeed, the USDA Soil Quality Institute lists the Solvita kit as an alternate soil respiration 
procedure in its national soil-quality test kit program (USDA 1999). The procedure reduces the 
effects of root respiration as roots are removed from the soil sample, however, it does have the 
disadvantage of initially disturbing the soil when collected, although, all samples are disturbed 
equally.  
Despite this, discussions with relevant experts indicated that the Solvita Soil Test Kit had been 
untested and generally unheard of in Australia when this research commenced. As the bulk soil 
respiration was being quantified using KOH with the ‘inverted box’ method, its use was 
investigated by comparing the results to a known rigorous and scientifically tested method. 
Methodology 
Six Soil Life Kits (jars and colorimeter with six refills) were purchased from Woods End in the 
US, providing 36 individual soil test kits. Soil samples of 100g were collected from 0 to 5cm 
depth, directly into a jar, half filling them, at the site, where low and high EC and pH levels had 
been previously identified. These replicates included 12 stations from scalds and 12 from 
relatively less degraded vegetated (Dense Grass/Treed Patch Types) locations, plus 12 
intermediate samples (Sparse Grass), to provide comparisons, as shown in Table 10.1. Wet soil 
was avoided. Lids on the jars were left unsecured until the following day to allow release of any 
immediate gases due to the disturbance, hence equilibration. The supplied coloured colorimeter 
was then placed into the soil in the jar so that the paddle was exposed, the lid tightly secured 
and left for 24 hours. The paddles absorb CO2 and change colour, proportional to the amount of 
CO2 evolved, which is then read off from the supplied colorimeters and converted to an index of 
1 (low) – 5 (high). This quantitative data was then compared with that obtained using the KOH 
inverted box method.  
 
Table 10.1. Sites with numbers of replicates from each soil condition, 36 in total. Degraded/scald 
treatments are Bare Soil Patch Types with little or no A0 and A1 horizons and generally have high EC and 
pH levels; non-degraded Treed and Dense Grass Patches have relatively thick A0/A1 horizons, with low 
EC levels and usually slightly acidic to neutral pH. The intermediate replicates are mostly Sparse Grass 
Patch Types and lie in between these. 
Site Sample no. (36) Degraded/scald (12) Intermediate (12) Treed/Dense Grass (12) 
1 8 3 2 3 
2 8 3 3 2 
5 6 2 2 2 
6 8 2 3 3 
7 6 2 2 2 
 
10.4.4. Fungi and bacteria: methodology 
Due to expensive tests, only ten soil samples were analysed from three sites of the five already 
surveyed for microbial respiration, with the most and least severe degradation. It is realised that 
this number is not a representative sample from all 10 research sites, however, the objective 
was to provide information regarding fungi and bacteria presence and to identify any obvious 
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changes between degraded and relatively non degraded soils from typical saline scalds and non 
saline vegetated areas.  
Ten 400g soil samples were collected from the surface 5cm from the three sites in October 
2005 during the afternoon on the same day. Stations sampled were predetermined using those 
with high and low; soil EC, pH and bulk soil microbial respiration. A total of six samples were 
collected from Site 1 (3 scald/3 non-scald), two from Site 2 (1 scald/1 non-scald) and two from 
Site 5 (1 scald/1 non-scald). The scald EC levels ranged from 900µS/cm to 4450µS/cm. 
Samples were packaged and express couriered the same day to the Soil Foodweb Laboratories 
in East Lismore for analyses to be conducted the following day and completed within 48 hours. 
Analyses performed on each of the ten samples involved total and active fungal and bacterial 
biomass and total actinobacteria biomass. 
 
10.4.5. SOM and SOC: Methodology 
The use of hydrogen peroxide to hydrolise carbon in the soil surface was adopted due to its 
ease and efficiency (Verdade 1954). Every station was tested by placing 5 drops of 30% H2O2 
on the soil surface and observing any reaction within 3 seconds, simply as a ‘yes’ or ‘no’. This 
data was used in the statistical analyses. 
Additionally, soil organic C was directly tested on the 50 soil subsamples, air and oven dried 
samples. Methodology was carried out according to Rayment and Higginson (1992). 
 
10.5. Results  
10.5.1. Inverted Box – soil respiration and EC  
The 125 measurements from the five sites varied between 22 and 637.4ml CO2/m2/hr, with a 
mean of 238.3 mlCO2/m2/hr (SE = 13.2; SD = 147.1). Figure 10.1 shows that there is no 
consistent relationship between EC levels and respiration rates. However, soils with elevated 
salinities generally have lower respiration rates than those taken from soils with lower salinity 
levels. The highest rates are from soils with negligible to low EC levels, although there were 
also many very low respiration rates at negligible EC, indicating other factors are causing the 
effect. There appears to be a decrease in rates apparent above ~200µS/cm and again at 
~800µS/cm, suggesting that two possible thresholds may exist as degradation and modification 
increases. Above this, respiration is restricted to <200ml/m2/hr, which although low, indicates 
that soil microbial activity is indeed present at extreme EC values hence, tolerance of the 
conditions. This also suggests that both are symptoms of the degradation, rather than the cause. 
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Figure 10.1. Soil EC with the ‘Inverted box’ bulk soil respiration levels from the five sites measured, 
showing no relationship, however, the highest respiration rates are at the lowest EC levels, with a decline 
above ~200µS/cm and again at ~800µS/cm. Note low rates at all EC levels. 
 
10.5.2. Soil respiration and Patch Type 
The respiration rates and Patch Type were analysed with the prediction that the soil respiration 
should decrease where degradation levels are high, such that Bare Soil Patch Types should 
produce significantly lower levels than the vegetated Patch Types, especially Treed. This is 
shown in Figure 10.2. Large variation within each Patch Type can also be seen, especially from 
the Dense Grass and Treed samples. The two very low respiration measurements taken from 
the Dense Grass samples were from scalds with spiny rush and tall wheat grass growing at the 
station. Also seen is that more degraded bare soils, generally scalds, produced consistently 
lower values than those obtained from the relatively non-degraded soils from the less disturbed 
Dense Grass and Treed Patch Types, which produced the highest values.  
The means and variation of the respiration rates with Patch Types are shown in Table 10.2. A 
strong relationship exists with respiration rates increasing with vegetation, or Patch Type, with 
the means being highly significantly different (P<0.001). Although the lowest respiration rates 
occur in the scalds, low rates are produced in all Patches.  
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Figure 10.2. Soil respiration and Patch Type, showing a gradual increase in respiration rates as 
vegetation increases, with the lowest readings at Bare Soil Patches, which were all scalds, and highest 
readings at Treed and some Dense Grassed Patch types. 
 
Table 10.2. Patch type and respiration rates (CO2 levels), showing means and SD. The means are 
significantly different (p<0.001).  
 Bare Soil Sparse Grass Dense Grass Treed 
Mean 64.2 182.4 306.8 329.1 
SD 79.1 69.1 134.5 128.0 
 
 
10.5.3. Soil respiration and scalds. 
As scalds are generally the more degraded Bare Soil Patch types, according to the surficial 
degradation model, it is predicted that the respiration rates on scalds will be significantly lower 
than those on non-scalds. This was indeed the case, with the mean rate obtained from the 
scalds only 54.8ml CO2/m2/hr, considerably and significantly lower than the non-scald mean of 
284.1ml CO2/m2/hr (Table 10.3) and also lower than the Bare Soil Patch type mean. 
Considerable variation is also present at both scalds and non-scalds. 
A strong negative correlation with Scald (r value -0.829) (Table 10.4), which was the strongest 
correlation obtained with Scald. The regression analyses also showed a strong relationship (F 
prod <0.001) (Table 10.5). 
 
Table 10.3. Scalds and non-scalds with respiration rates (CO2 levels), showing means and SD. A large 
difference between the two is evident. The means are significantly different (p<0.001).  
 scald non scald 
Mean 54.8 284.1 
SD 38.1 127.1 
 
                      Bare Soil           Sparse Grass             Dense Grass             Treed 
261 
10.5.4. Soil respiration and pH 
It is predicted that the high soil pH levels will be associated with low soil respiration rates as the 
alkaline pH levels are associated with the degraded areas (Chapter 5), in addition to the known 
effects of pH on respiration (Sardinha et al. 2003). This is shown in Figure 10.3, where the 
highest respiration rates cluster at pH 6, although extremely low values also occur and no 
relationship is apparent. However, a general decline above pH 6 is evident, particularly above 
pH 8, also suggesting that two possible thresholds may exist as degradation and modification 
increases. It is also shown that all values of pH can have very low respiration values, indicating 
that other important factors are causing a reduction in the rates. It was interesting to note the 
relatively high respiration values at pH 4 – 5, which are common in the less degraded grassy 
woodlands. 
 
 
Figure 10.3. Soil pH with CO2 levels (respiration rates) from the five sites measured, showing no 
relationship however, note the highest respiration values at and just below pH 6, with a decline above this, 
and another at pH 8. Note also relatively high respiration values at pH 4 – 5 and low respiration values at 
all pH levels.  
 
10.5.5. Temporal changes in respiration – results and discussion 
Performing initial trial surveys and using the data obtained allowed temporal comparisons to be 
made. As seasonal effects have been reported to influence respiration rates (Dilly and Blume 
1998), and no research has provided such data in these landscapes, this was also investigated.  
The results obtained from the three complete surveys performed at Site 1 with additional results 
of four surveys attained from three transects, (T1, T6, T8) showed considerable variation 
between the seasons, as shown in Figure 10.4 (T8 not shown). The largest difference amounted 
to 510.9ml CO2/m2/hr (i.e. 697.0 – 186.1ml CO2/m2/hr) at Transect 6 / station 3 from February 
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2005 to April 2005 when it was cooler. It appears that the stations with the greatest differences 
were those where the soils were relatively less disturbed, indicating that the most natural 
systems have considerable temporal variation. When considering the three complete surveys, 
the measurements obtained during the warmer months of November (and in the case of the 
separate 3 stations in December) were consistently higher than the other two seasons, which 
may suggest that the results are likely to be predominantly dependent upon temperature. 
However, this does not concur with the other two seasons as the survey performed in July 
generally attained higher CO2 levels than those which were obtained in April, when 
temperatures were a few degrees warmer. This therefore suggests that other factors may be 
influencing the results, such as soil moisture, or the presence of subsurface earthworms that 
prefer more cooler and mesic conditions. The results also show the differences in microbial 
respiration as those performed at degraded scalded areas (T1 stations 1, 2, 3) and less 
degraded non scalded areas (T1/4 and all of T6). Interestingly, during the warmer months, it 
appears that the microbial respiration decreases at the scalds, rather than increasing as occurs 
at the less degraded, non-scald, treed areas. This likely reflects the harsher conditions at the 
Bare Soil Patch Types during the hotter summer months. 
 
.  
Figure 10.4 a, b. Temporal variation of bulk soil microbial respiration rates along two transects at Site 1, a) 
T1 (degraded first three stations with a scald), b) T6 (dense grass and treed patch – less degraded) 
showing spatial and temporal changes within and between each survey. T1 has Sparse Grass at stations 
1 and 2, a scald at station 3, and Treed woodland at station 4. Transect 6 is all Dense Grass and Treed 
Patch Types. Note different respiration scales between a) and b).  
 
10.5.7. Solvita results 
The 36 Solvita measurements ranged between colorimeter levels 1 and 4.5, with an average of 
2.5. As expected, all low scores (1) were recorded at degraded Bare Soil scalds, whilst all high 
scores (3 to 4.5) were measured at the Grass and Treed Patch Types. The KOH and Solvita 
methods resulted with a highly significant (p<0.001) R2 of 0.935, indicating the high precision 
obtained from the easier and quicker method. This is shown in Figure 10.5.  
 
Site 1 – T1 
respiration 
rresrespiration 
Site 1 – T6 
respiration 
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Figure 10.5. Bulk soil CO2 respiration surveys performed at 36 different stations at five sites, using the 
Inverted Box respirometer with KOH and Solvita Soil Life Kit methods. 
 
10.5.8. Associations between soil respiration and degradation. 
To investigate the first thesis Question and Hypothesis (cause associated with surficial process 
- degradation), the correlation coefficients are presented in Table 10.4 and show that the bulk 
soil respiration was strongly correlated with most of the abiotic and biotic indicators, especially 
other measures of biological activity, such as Worms, Ants and termites in toilet roll baits. The 
regression analysis summarised in Table 10.5 indicated that the respiration (CO2) was 
significantly associated (p<0.001) with the factors ECfac and Scald but not pHfac. This confirms 
an association with degradation, between altered surface EC and reduced SOM levels.  
 
Table 10.4. Correlation coefficients showing many strongly correlated variants with CO2 - bulk soil 
microbial respiration.  
H2O2 = (Carbon hydrolysis = SOM); V and H = EM Vertical and Horizontal dipoles; S1 and S2 = EM 
survey seasons 1 and 2 (autumn and spring); HCl = reaction when placed on soil surface; RP = 
rainsplash protection; PV = perennial vegetation; Patch = type of vegetation; Pine W = Pine log discs with 
earthworms; Euc W = red gum (euc) log disc with earthworms. The p values are divided into columns. 
 + <0.001 + <0.05 - <0.001 - <0.05 
CO2 H2O2, Slake, PV, RP, Litter, 
Patch, Pine Worms, Worms, 
Toilet rolls 
Pitfall Taxa no., 
Pine Ants, Euc’ 
Ants 
Scald, EC, all EM38, 
EM31H S1 & S2, 
Surface compaction 
EM31V S1, 
pH, HCl 
 
Table 10.5. Regression analyses using accumulated analyses of variance showing significance of F-
products for soil respiration (CO2) when all factors were analysed.  
= <0.001;= <0.01; x = not significant  
TR = transect 
VARIANT SITES SITES.TR STN.TR ECfac pHfac scald 
CO2   x  x 
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10.5.9. Fungi and bacteria 
The fungi and bacteria analyses are provided in Appendix 1 and summarised in Table 10.6. 
Information provided by Soil Foodweb necessary for results interpretation is incorporated in the 
summary Table 10.7.  
Results indicate that all of the three sites have low active bacterial and fungal biomass, 
particularly the degraded scalds with elevated EC(1:5) levels. These have the lowest total and 
active fungi and bacteria levels and lowest actinobacteria levels, all being well below the desired 
levels for the these soils. Four of the five scalds had zero amounts of Active Fungal Biomass 
(AFB) despite having considerable amounts of Total Fungal Biomass (TFB) and are significantly 
lower in scalds than the non scalds (P=0.003). Despite the low levels, Total Bacterial Biomass 
(TBB), TFB and total fungi: total bacteria biomass (TFTB) were all within the desired range from 
the scald samples. The TFB levels from the non-scald vegetated samples were actually 
considered above the desired levels. The two samples with extreme pH levels >10 also had low 
total and active bacterial and fungal biomass, as can be expected. The low amounts also concur 
with the respiration (CO2) rates attained from the same samples.  
 
Table 10.6. Summary of Appendix 1, showing means, SE and SD of microbe analyses. ABB = active 
bacterial biomass; TBB = total bacterial biomass; AFB = active fungal biomass; TFB = total fungal 
biomass; TFTB = total fungi: total bacteria biomass; TAB = total actinobacteria biomass. ABB, TBB, AFB, 
TFB and TAB are all measured in µg/g. 
Desired range values are those supplied from Soil Foodweb. * = within range 
 ABB TBB AFB TFB TFTB TAB 
 scald non scald non scald non scald non scald non scald non 
mean 5.4 9.7 104* 125* 0.11 2.36 166* 448 1.66* 3.63* 4.5 18.7 
SE 1.5 1.5 3.9 7.6 0.1 0.53 75.5 36.6 0.8 0.39 2.1 7.15 
SD 3.4 3.1 8.8 17 0.2 1.2 168.8 81.9 1.8 0.87 4.7 16 
P value 0.069 0.177 0.003 0.012 0.03 0.167 
Desired 
range 
15 - 25 100  - 300 15 - 25 100 - 300 0.5 – 10 N/A 
 
Table 10.7. Summary of the results presented in Table 10.6, using the desired levels and information for 
each measurement provided by Soils Food Web.  
Dry wt No samples are in the desired range. The soils are very dry and require the 
addition of organic matter to improve the soil biology which will build and 
improve the soil structure and increase the water holding capacity 
ABB - active 
bacterial 
biomass 
No samples are in the desired range. All samples have low active bacterial 
biomass, two of the non scald samples have lower levels than the scalds 
TBB - total 
bacterial 
biomass 
One scald sample is below the desired level range, Site 1 T1/3, and requires 
bacterial diversity; all samples have relatively low TBB levels, especially those 
from scalds 
AFB - active No samples are in the desired range, all have very low active fungal biomass, 
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fungal biomass including four samples with zero, all from scalds. 
TFB - total 
fungal biomass 
Three of the scald samples are very low. All three require fungal diversity. The 
other samples are either within the desired range or greater (including two of 
the scald samples). A number of the TFB results do not appear to correlate 
with the AFB 
TF:TB - total 
fungi: total 
bacteria biomass 
All samples collected from the treed patches are within the desired range 
whilst three of the scald samples are low, the same samples as the TFB, all 
too bacterially dominated for native grasslands. This potentially causes a lack 
of disease suppression and nutrient retention ability to build soil structure. 
Beneficial fungi are therefore required to balance the bacterial biomass. Site 5 
T4/1 is probably too fungal dominated for native pasture and requires the 
introduction of both beneficial bacteria and fungi to improve the microbial 
biomass. Additionally, the hyphal diameter (> 3µm) on a number of samples 
indicates that suppressive fungi are present and likely to induce community 
disease. 
 
10.5.10. SOM  
10.5.10.1. EC and Patch Type and Scalds 
The results for SOM and EC levels is summarised in Table 10.8, which shows significantly 
different EC means between soils found with and without SOM. It can be seen that on average, 
soils with no SOM have  approximately six times the EC than soils that do have SOM. It is also 
shown that extreme variation occurs at both the zero SOM and SOM samples. 
The summary statistics between Patch Types and SOM is shown in Table 10.9, showing the 
strong association between Bare Soil and the vegetated Patch Types. The means are 
significantly different (p<0.001). A key result is shown with the very low mean for the Bare Soil 
Patch types, indicating very low SOM levels in these soils, which is associated with the 
degradation. The most variability is also shown in the Bare Soil Patch Types.  
Similarly, Table 10.10 also shows the considerable difference between SOM and scalds and 
non-scalds. Scalds also have large variation. The levels of SOM at the scalds are consistently 
low compared to the non scalded areas, grasslands and woodlands as shown in Table 10.10. 
Thirty nine out of the 264 stations had no reaction to the H2O2 application indicating very low, or 
nil, SOM; 32 of these were from scalds. However, five stations on scalds did exhibit a reaction 
with the H2O2 and seven non scalds also did not produce a reaction, including one Sparse 
Grass, two Dense Grass and one Treed Patch Types. The three Grass Patch Types were 
inhabited by spiny rush and tall wheat grass and all seven stations were adjacent to or 
surrounding scalds with no A0 horizon, including the Tree Patch Type. This Treed station also 
had a soil pH of almost 10, which may be the major factor for no reaction. Abundant SOM 
(humus and roots) with an A0 horizon was usually present beneath larger trees, which always 
produced a strong reaction with the H2O2. 
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Table 10.8. Means, SE and SD of SOM (H2O2) and EC, showing large differences in mean EC levels 
between soils with and without SOM. The means are significantly different (p<0.001). Note the large 
variation in EC levels where no reaction occurs (nil SOM). 
 No reaction (nil SOM) – EC µS/cm Reaction (SOM) – EC µS/cm 
Mean 1261 195 
SE 222 27 
SD 1370 404 
 
 
Table 10.9. Summary statistics between Patch Types and SOM, as measured with the application of 
H2O2 - ‘yes = 1, or no = 0’. The means are significantly different (p<0.001). 
 Bare Sparse grass Dense grass Tree 
Mean 0.13 0.95 0.89 0.99 
SE 0.06 0.03 0.04 0.01 
SD 0.34 0.22 0.32 0.10 
 
Table 10.10. Means, SE and SD of SOM as measured with the application of H2O2 - ‘yes = 1, or no = 0’, 
and Scald, showing large differences between scalds and non-scalds, without and with SOM respectively. 
The means are significantly different (p<0.001). Note the large variation at Scalds. 
 Scald Non scald 
Mean 0.14 0.97 
SE 0.06 0.01 
SD 0.35 0.17 
 
10.5.10.2. SOM and soil respiration 
Soil respiration is intrinsically associated with SOM, as can be seen in Figure 10.6. The mean 
respiration rate for the degraded soils with no reaction was 52.3 ml/CO2/cm2/hr (SE = 8.2 & SD 
= 38.3), whilst the less degraded soils that produced a reaction with SOM was 278 
ml/CO2/cm2/hr (SE = 12.8 & SD = 130.2). The means are significantly different (P<0.001). All 
scalds contain low SOM levels and microbial respiration. Interestingly, low respiration levels 
also occur where SOM is present, although SOM levels may also be low. 
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Figure 10.6. Scatter plot of bulk soil respiration at the 5 sampling sites and SOM as measured by H2O2 
application showing the obvious relationship with consistenty low respiration values where SOM is low. 
 
10.5.11. Organic Carbon 
The minimum level of SOC in the top 5cm was 0.21% and maximum 8.87% with an average of 
2.43% for the air dried samples. The oven dried samples gave a slightly higher maximum with 
9.14% and an average of 2.48%. There was one sample that had ‘none detected’, which was 
the deepest sample analysed, at 150cm depth in the B horizon. The other deeper samples also 
had lower levels than the samples from the surface soil. Generally speaking, the samples with 
the highest levels were from soils with low EC, below 400µS/cm, as shown in Figure 10.7 and 
acidic to neutral pH levels as shown in Figure 10.8. However, both show little relationship 
between EC and pH levels with organic C, although a threshold appears to be present at about 
1200 µS/cm and pH 6. It is also noted that all levels of EC and pH can have very low to zero 
levels of SOC, indicating other factors are important. 
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Figure 10.7. Soil organic carbon levels (percentage) with EC from the subsamples showing no 
relationship, although highest SOC levels are at low EC levels and generally low SOC is found where EC 
levels are high. Note the decline of SOC levels above ~1200µS/cm, suggesting a threshold may exist. 
Note also the low SOC levels at all EC levels. These results help to explain the low respiration rates at 
elevated EC levels. 
 
 
Figure 10.8. SOC in percent and pH levels from the subsamples showing a decline of SOC levels above 
pH6 with high alkalinity levels associated with low SOC levels, suggesting a threshold may exist. All SOC 
levels above pH6 are less than 2% SOC, however, low SOC levels are found at all pH levels. 
 
It was also noticed that the samples from Dense Grass and Treed Patch Types, with relatively 
thick A1 (and sometimes A0) horizons had the highest values as shown in Figure 10.9 and Table 
10.11. The Treed Patch Type sample from Site 2, with the highest level of N and P, had the 2nd 
highest level of C, with 8.83%. As the Patch is determined by the vegetation present, it was 
expected that the association with organic C would be high, as shown with the strong correlation 
in Table 10.12.  
The strong association between SOC and respiration is shown in Figure 10.10 and soil moisture 
in Figure 10.11. 
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Figure 10.9. Patch Type and soil organic carbon% (SOC), performed on the 50 soil subsamples, showing 
an increase in SOC as vegetation increases. Note that low levels of SOC are found at all Patch Types 
and the variation of levels in all Patches, especially the Treed Patches. 
 
Table 10.11. ANOVA SOC and Patch Type, showing means and SD with an increase in SOC as 
vegetation increases. Means are significantly different (P<0.001). 
 Bare soil Sparse Grass Dense Grass Treed 
Mean 1.06 1.81 2.07 4.41 
SD 1.03 1.71 1.29 2.91 
 
 
Figure 10.10. SOC and soil respiration (CO2), showing a positive relationship, although medium to high 
respiration levels are found at all SOC levels 
                    Bare soil            Sparse Grass            Dense Grass        Treed 
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Figure 10.11. Surface soil SOC and air dried moisture percent showing a strong relationship, with likely 
severe soil problems below about 1% SOC with moisture levels also below 1%. 
 
10.5.12. Associations with degradation. 
To investigate the first two Questions and hypotheses, ‘surface degradation processes’, the 
correlation coefficients are presented and indicate that SOM was strongly correlated with most 
of the abiotic and biotic indicators as shown in Table 10.12, especially other measures of 
biological activity, such as Worms, Ants and Termites in toilet roll baits. The correlation 
coefficient between SOM and Scald was strong with r = -0.829, the strongest correlation 
coefficient obtained with Scald, illustrating the importance of SOM at these degraded and bare 
scald areas.  
The regression analysis shown in Table 10.13 indicated however, that SOM was significantly 
associated (p<0.001) with the factors ECfac and pHfac and less associated with Scald (<0.01). 
This confirms an association between altered EC and pH levels, reduced SOM and degradation.  
 
Table 10.12. Correlation coefficients showing many strongly correlated variants with H2O2, that is, carbon 
hydrolysis or SOM content. V and H = EM Vertical and Horizontal dipoles; S1 and S2 = EM survey 
seasons 1 and 2 (autumn and spring); HCl = reaction when placed on soil surface; Surface = soil surface 
compaction; RP = rainsplash protection; PV = perennial vegetation; Patch = type of vegetation; CO2 = 
bulk soil respiration; Pine W = Pine log discs with earthworms; Euc W = red gum (euc) log disc with 
earthworms; Total Taxa no. = pitfall and log disc total taxa numbers. The p values are divided into 
columns. 
 + <0.001 + <0.05 - <0.001 - <0.05 
SOM Slake, RP, PV, Litter, Patch, 
CO2, Pine Worms, C 
Log Taxa no., 
Worms, Euc Ants 
Scald, EC, all EM38, 
EM31H S1  
EM31H S2, 
ASWAT 
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Table 10.13. Regression analyses using accumulated analyses of variance showing significance of F-
products when all factors were analysed against H2O2 (SOM).  
= <0.001;= <0.01; x = not significant 
VARIANT SITES SITES.TR STN.TR ECfac pHfac scald 
SOM      
 
 
The SOC results from the soil subsamples shown in Table 10.14 also showed strong 
correlations with the cations and anions and important nutrients, N, K and P, in addition to both 
Ca t and Ca ex, critical for ideal soil structure. As expected, SOM and SOC were also shown to 
be strongly correlated (p<0.001). 
 
Table 10.14. Summary of soil subsamples showing significant positive and negative correlations between 
organic C with the other variables.  
t = total cations; ex = exchangeable cations; Moisture = air dried moisture, Surface = compaction; Patch = 
Bare Soil, Dense/Sparse Grass and Trees (note that exchangeable cations and ASWAT were analysed 
on 48 samples).  
Variable p+<0.001 p+<0.05 p-<0.001 p-<0.05 
Organic C Ca-t, K-t, PO4, N, Moisture, Ca-
ex, Fe-ex, Slake, H2O2, Patch 
P Scald, ESP, 
ASWAT 
EC, pH, Na-t, 
Surface 
 
10.6. Discussion 
10.6.1. Bulk soil microbial respiration 
Although the bulk soil microbial respiration (CO2) appears to decrease as salinity levels increase, 
and produces a strong negative correlation coefficient with EC, many soils with low respiration 
rates also have low to negligible salinity levels. It is therefore probable that other synergistic 
factors associated with the degradation are also involved, including many of the other variables 
measured, shown in Table 10.4. Poor soil structure including increased surface compaction, 
reduced permeability and increased dispersion, decreased organic matter (SOM, SOC and N), 
increased cation and anion toxicities associated with the soil and vegetation degradation are 
also likely to be paramount considerations. Okur et al. (2000) found that an increase in soil 
salinity had a negative effect on soil's microbiological activity with respiration and two enzyme 
activities inhibited even at low salinity levels, however, the addition of potassium decreased the 
toxic effects. They report that the adverse effects of salts on microbial activity is complex, and 
may be due to the toxicity of specific ions, elevation of osmotic pressure or the associated 
increase in alkalinity which may restrict the availability of water or influence cellular physiology 
and metabolic pathways. Additionally, the microbial community may be less competitive in 
saline soils as those only specialised and salt adapted and/or tolerant (colonising) species 
survive. This has been reported by McKenzie et al. (2003) with spiders in Western Australia.  
Extreme soil alkalinity levels in these degraded landscapes, often above pH 10, are undoubtedly 
a major controlling factor for microbial presence and persistence (Dirk van Elsas et al. 1997; 
Sylvia et al. 2005). Indeed, Sardinha et al. (2003) found that soil pH was positively correlated 
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with microbial biomass C and basal respiration, and was the only parameter that exceeded the 
effects of increasing EC on soil basal respiration. In this research, the few stations with high EC 
levels that did have relatively high respiration levels indicates that on occasions, microbial 
activity can be considerable despite the elevated EC levels. The strong associations between 
CO2 and the vegetation indicators and most of the faunal indicators, also highlights the 
importance of microbial activity in these ecosystems.  
Much of the changes may be due to the soil habitat, as the A0 horizon is consistently absent 
often lacking an A1 horizon at scalds where the highest salinity levels occur, exposing the  A2 
horizon. Therefore, a dramatic effect on the soil biota is to be expected (Richards 1987). The 
vegetation decline can also cause direct reduced and altered soil biota (Schroth and Sinclair 
2003).  
The temporal changes identified with soil microbial respiration rates increasing seasonally with 
temperature in various ecosystems is well documented (e.g. Edwards and Sollins 1973; Singh 
and Gupta 1977; Billings et al. 1982; Van Cleve et al. 1990; Petterjohn et al. 1994; Davidson et 
al. 2000; Coleman et al. 2002; Conant et al. 2004). This has been related to small climatic 
changes (e.g. Schleser 1982; Schlesinger 1991; Jenkinson et al. 1991; Anderson 1992; 
Townsend et al. 1992; Conant et al. 2004). Additionally, the soil moisture, which is governed by 
climate, also influences soil respiration rates (Klein et al. 1972; Davidson et al. 2000; Conant et 
al. 2004). Seasons and temperatures therefore need to be considered when investigating 
responses of soil microbial activity to elevated salinity levels as surveys performed during winter 
will generally produce lower readings, as occurred at Site 1. 
Additionally, as degraded, bare soil saline environments are often associated with waterlogging 
in the lower parts of the landscape, soils here are likely to be seasonally anaerobic, particularly 
during the cooler wetter months when perched watertables are common, and therefore, 
microbial activity and respiration will consequently be reduced. It is also noteworthy that it is 
waterlogged anaerobic conditions that allow reduction of sulphates to sulphides to take place 
(Nicholas 1980; Richards 1987). A strong sulfur dioxide smell was often evident during auger 
extraction of the lower site samples taken from the B horizon, particularly in the scalds at Sites 2 
and 3. It is likely that these anaerobic conditions would also have an impact on the nutrition and 
health of plants, although as reported in Chapters 9 and 11, no evidence for this was evident. 
An association between vegetation condition, or its ‘health’ or ‘fitness’, with elevation, has been 
reported by Cramer et al. (2004a,b).  
It is also possible that fungi and bacteria play a role in regulating levels of soil salinity, such as 
consuming it or converting it into different compounds. Dilly and Blume (1998) discuss the 
ecotoxicological benefits of microbial activity, with microorganisms capable of degrading toxic 
organic compounds into non toxic substances, hence assisting with the decontamination of the 
environment. No previous research was found that identifies whether this process is applicable 
for sodium chloride, however, as elevated salinity levels and sodium levels in these landscapes 
are primary features, it can be expected that certain microbes would be adapted to the saline 
and sodic conditions and hence perform these ecotoxicological benefits, either directly or 
indirectly. Through this negative feedback response, it is apparent that the degradation and 
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consequent reduction of microbial activity from these soils will not only have drastic 
consequences for the soil quality and ‘health’ per se, particularly with respect to plants and 
animals and ecosystem functioning, but also allow increased salinity levels to proceed through 
the elimination of the buffering capacity from the microbial activity. Therefore, elevated salinity 
levels are more likely to be a consequence of the reduced microbial activity, rather than the 
cause.  
It is also worth noting that a reduced level of microbial activity in the soil equates to reduced 
capability to cycle nutrients (Richards 1987; Sylvia et al. 2005). The build-up of chemical 
residues in the soil generated by the soil and vegetation degradation may be due to this 
reduction in microbial activity that would otherwise contribute to decomposition and cycling 
these increased amounts. Therefore, the degradation of the soil and consequent reduction in 
faunal and microbial populations in these landscapes is not only detrimental to the soil biological 
and physical properties, but also adversely affects the soil chemical properties. All these factors 
contribute to a less than optimal growing environment, or habitat, for plants and animals.  
 
10.6.2. Solvita  
Similarly to previous international studies mentioned above, this research also found the Solvita 
technology to be efficient, reliable and accurate. Despite the disturbance to the soil during 
sampling, it produces comparative results to the labour intensive inverted box alkali 
respirometer methodology. The Solvita technology should therefore be further investigated for 
carbon dioxide and respiration studies in Australia, particularly considering the applicability to 
climate change research.  
 
10.6.3. Fungi and bacteria  
The analyses indicated that the soils of these landscapes are critically low and have undesirable 
ratios of both fungi and bacteria. Reasons include structure decline such as compaction with 
loss of permeability, aeration and spaces for microbial habitat, deterioration or removal of the A1 
horizon and loss of organic matter, altered pH levels and cation and anion concentrations, 
frequent seasonal waterlogging, and sometimes, elevated EC levels. The soil microbial levels 
are intimately associated with these factors (Dilly and Blume 1998).  
The results suggest that impacts to the soil biota in these environments are a consequence of 
soil and vegetation degradation, rather than elevated salinity levels per se. It is more tangible 
that elevated salinity levels are also a consequence of the soil and vegetation degradation, or, 
another symptom, rather than the presumed actual cause. Therefore, reduced soil microbial 
activity may exacerbate scald formation, hence, apparent dryland salinity. 
Soil remediation attempts should therefore involve both the addition of organic material to 
increase the soil biomass, both fungi and bacteria, in the correct amounts and monitoring for the 
desired levels. Further work is warranted investigating soil biota in these landscapes, 
particularly for soil remediation and management.  
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10.6.4. Soil Organic Matter 
Stevenson (1982) summarised the general properties of SOM and the resultant effects on soil 
properties. Several of these properties are considered to be of particular importance for this 
research: SOM may; 1) serve as a plant and microbial nutrient source, 2) provide buffer 
protection to moderate soil pH changes, 3) chelate metals, 4) combine with clay minerals to 
augment soil structure, and 5) increase the cation-exchange capacity of the soil. Although 
benefits of SOM are derived merely from its presence in the soil, it is the turnover or metabolism 
of this soil fraction that has the greatest effect on plant growth and nutrition (Tate and Klein 
1985). Indirect effects are derived from the soil structural benefits derived from microbial growth, 
whereas direct stimulation of plant growth results from mineralization of plant nutrients 
contained in the organic matter (Tate and Klein 1985). The rate of nutrient production will 
depend both on the nature of the organic matter and the abiotic conditions of the soil in that the 
organic components are mineralized by the microbial community to metabolize the specific 
carbon source and the in-situ limitations imposed by the physico-chemical conditions (Tate and 
Klein 1985). In well drained soils, the products of complete mineralization are CO2, mineral 
nitrogen (as ammonium and nitrate), sulphate, and phosphate, which provide nutrients for the 
microbial and plant community (Dalal 1978). In non-cultivated ecosystems, such as these 
grassy woodlands, the mineralization or recycling of the nutrients of plant debris provides a vital 
link in the plant nutrient cycle (Tate and Klein 1985). Plants are generally incapable of or have a 
limited capacity to incorporate organic nitrogen, phosphorus or sulfur sources, thus plants rely 
upon the soil microbial community to return the organic nutrients to a more usable mineral state. 
Jenny (1980) and Gosz (1981) have discussed the importance of this organic reserve of plant 
nutrients.  
10.6.5. SOC 
The SOC levels for the soils in this research should ideally be within approximately 0.8 and 3.2% 
(Spain et al. 1983), thus eight fall below this range and ten actually exceed it. All the low values 
are associated with increased degradation and increased depth in the profile.  
Although most scalds with elevated salinity levels have low respiration, SOM and SOC levels, 
many do not, indicating that something other than soil salinity levels is causing the impact. 
The amount and quality of organic inputs into the soil are a function of the vegetation present 
(Baldcock and Skjemstad 1999). This was shown by the strong positive correlations with Patch 
Type, SOM (H2O2), N, Fe and Ca and negative correlations with Scald, Na, ESP, EC and 
Surface compaction. These negative correlations also indicate that these degraded soils are low 
in SOM and SOC, in addition to Ca, and are therefore highly dispersible and impervious to 
water. Churchman et al. (1993) also indicate that different soil components, including SOM, 
affect the influence of exchangeable sodium on soil behavior.  
The strong correlation with exchangeable Fe is likely to be related to available Fe being 
chelated where organic matter is the main chelating agent.  No SOM therefore equates to no 
available Fe. The humus fraction of SOC and SOM also make a significant contribution on the 
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CEC (Baldcock and Skjemstad 1999; Wolf and Wagner 2005). Wolf and Wagner (2005) indicate 
that SOM can increase the CEC by 20 - 80%. Figure 10.12 summarises the factors discussed 
herein.  
Jones (2006) describes how humic substances can play three vital roles in reducing elevated 
salinity levels and reversing dryland salinity; 1) by increasing soil water storage potential; 2) by 
stimulating biological activity and, 3) chelation and inactivation of salts. She states that the 
influence of SOM on the storage and subsequent movement of water in the landscape is the 
most important of these roles. She discusses how land management practices have severely 
depleted the SOM, at a national scale, which has consequently increased the incidence of 
dryland salinity. As an example, Morris (2004) researched the water holding capacity of humus 
and concluded that within the soil matrix, one part of soil humus can, on average, retain four 
parts of soil water. From this, calculations can be made as to how water storage in the surface 
30 cm of soil will be influenced by changes in the level of SOC. Figures up to 30litres/m2 loss of 
water holding capacity in the top 30cm of soil, for a 2% loss of SOC (which also equates to 
~270 t/Ha of sequestered CO2). 
 
 
Figure 10.12. Functions ascribed to SOM/SOC in degraded landscapes with often elevated salinity levels. 
The non-dashed arrows represent the various classes of functions and the dashed arrows indicate the 
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interactions which can occur between the classes of functions (adapted from Baldcock and Skjemstad 
1999; and Wolf and Wagner 2005). The strong correlations with SOC% and SOM with the other variants 
in this research are represented in this figure, which indicates the many functions that SOM/SOC has in 
these soils. The contribution of each component to the level of expression of a given function varies, 
hence consideration must be given to the distribution of SOM/SOC in each fraction when defining 
optimum levels. 
 
Black alkali or solonetz soils have been described in the literature (e.g. Kelly et al. 1951; 
Szabolcs 1989; Chhabra 1996) where organic matter (carbon) disperses from the soil particles 
and often forms a black dust at the soil surface, which is then washed or blown away. This was 
observed at a number of scalds from a number of sites (Figure 10.13), although not all of these 
sites were associated with alkaline soils. Black alkali samples were also observed when mixing 
a number of the highly alkaline soil samples 1:5 with water pre analyses.  
 
 
  
 
 
 
 
 
 
 
Figure 10.13. Black organic matter on surface (Sites 1 and 2) 
a) Dark coloured material accumulated on the lower scald surface, Site 1 (transect 3). Drainage is from 
lower left to upper right. 
b) Dark coloured material on scald surface (upper centre – drainage direction is downwards), Site 2 
(transect 11). The soil is extremely alkaline (>pH 9), (i.e. termed ‘black alkali’). 
 
The importance of grazing management on SOM and SOC levels has been discussed by 
Gifford et al. (1992), Abril and Bucher (1999), Fearnside and Barbosa (1998), and Conant et al. 
(2004) and all confirm that overgrazing associated with poor pasture management can reduce 
SOM. However, Conant et al. (2004) and Crosbie et al. (2007) show that improved management 
at such sites can indeed remediate the situation and increase the SOM and the ability to 
sequester carbon in a relatively short period.  
Moreover, the amounts of certain elements and/or nutrients, particularly carbon but also 
nitrogen, will be dependent upon the stage in succession of the site (such as early, mid, 
climax/late), as described by Rice and Pancholy (1974), Reiners (1981) and Richards (1987). 
a
)
) 
b 
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This is also closely associated with the soil and litter microbial activity (which is also linked to 
the successional stage), such as with nitrification, where the autotrophic bacteria oxidize 
ammonium to nitrite and nitrate for plant usage (Schmidt 1982; Richards 1987).  
It is apparent that the soils associated with degradation in these landscapes are deficient in 
SOC and require the addition of SOM for remediation; it is argued that previous and current 
management practices are the predominant cause of the decreased SOC, hence reversing the 
situation requires the addition of SOM and subsequent applicable concomitant management 
practices as dicussed in Chapter 12. This will also improve the soil biological, chemical 
hydrological and physical functions such as listed in Figure 10.11.  
10.7. Summary 
The importance of microbial activity, SOM and SOC are shown to be paramount in these 
degraded soils, with all being strongly associated with Patch Type, especially when considering 
Bare and non bare Patches, or scalds and non-scalds, however, no strong relationship was 
found with respiration levels and soil surface EC, or pH levels. Most scalds have relatively low 
respiration rates with low microbial activity, as compared to the vegetated Patches, with means 
of ~55ml/m2/hr and 284ml/m2/hr respectively. Very low respiration rates were found above pH8, 
with the highest levels around pH 5.5 – 6, indicating the likely importance of soil alkalinity for soil 
microbes. It is also apparent that microbial activity still tolerate and persist at the most extreme 
conditions. Scalds therefore, are not biotic deserts. Hypothesis 3 can therefore be rejected.  
Nearly all scalds are deficient in SOM, especially those that have elevated salinity levels. EC 
levels of soil with SOM (195µS/cm) were significantly lower than those without SOM 
(1261µS/cm). Consistently low respiration rates are found where SOM (and SOC) are in low 
levels or absent. This indicates that SOM is more important for scald formation than salinity is. It 
also indicates that salinity is a symptom of the degradation, rather than the cause. Loss of SOM 
induces many direct and indirect adverse effects, including playing a fundamental role in the 
subsequent formation of soils with elevated salinity levels. It is considered that the loss of SOM 
is paramount in this process. The results therefore provide evidence suggesting that the cause 
of elevated salinity levels is surficial and associated with degradation. Groundwater is not 
required. 
The addition of SOM into the soil surface and continued management should therefore be one 
of the main activities for soil amelioration and landscape remediation in degraded (salinised) 
upland environments. Management is discussed in Chapter 12. 
The following chapter, Landscape Function Analysis, combines both biotic and abiotic indicators 
to assess the functionality of the sites. The indicators are addressed separately and as part of 
the combined analyses. This will enable gathering of further information to answer Questions 
and Hypotheses 1 and 2 ‘causes and processes’, 3; ‘biotic diversity at scalds’ and 4, ‘landscape 
functionality’. The results are also applicable to address ‘best management practices’, Question 
and Hypothesis 5. 
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CHAPTER 11 
 
LANDSCAPE FUNCTION ANALYSIS  
 
11.1. Introduction 
The Landscape Function Analysis results chapter is presented last as it combines both biotic 
and abiotic measurements and also helps congeal the thesis results and objectives. The 
chapter is presented to further assist answering all thesis Questions and Hypotheses, but 
predominantly, the first section is designed to assist with Hypothesis 4, Bare Patches, 
particularly scalds, are dysfunctional. How degraded are they?  
The second section focuses on the important individual indicators to clarify the results from the 
first section and assist answering Hypothesis 1, A ‘top down’, degradation process, and 
Hypothesis 3, that biota are adversely affected by elevated salinity levels and that scalds are 
biotic deserts. This enables further clarification to address Question 5, ‘what is the most 
sensible conceptual causation model’, hence Question 6 and Hypotheses 5 and 6, ‘best 
management practices?’ 
Although not part of the Landscape Function Analysis kit of indicators, soil nutrients, total 
nitrogen and phosphorus, are also presented in this chapter to assist with quantifying the LFA 
‘nutrient status and cycling’ index analyses, in addition to investigating changes with 
degradation. 
 
11.2. Landscape Function 
The concept of landscape function has been described in Ludwig et al. (1997) and Whisenant 
(1999). Both describe a similar approach that deals with landscapes and ecosystems in terms of 
the processes involved in the transport, utilisation and cycling of scarce and limiting resources in 
space and time. Richards (1974) describes ‘function’ as the rates at which the capture and 
transfer of energy is performed, and the uptake and circulation of nutrients and water that takes 
place. That is, the rates at which energy and materials enter and leave the system, and the 
rates at which they are transformed, circulated or stored within it. The landscape function 
approach specifically examines this functioning of the landscape which is differentiated from the 
traditionally assessed characteristics, biological composition and structure, such as numbers 
and kinds of organisms and their spatial relationships, as were reported in Chapters 8, 9 and 10. 
Ludwig and Tongway (1997) proposed a conceptual framework that represents landscape 
function as a sequence of processes operating to maintain the fundamental biogeochemical 
framework of a landscape. Resources within the system are either lost, maintained or gained, 
with a loss of landscape function indicating that the system ‘leaks’ resources beyond its 
boundaries, such as occurs in degraded landscapes. An increase in function indicates that 
control over resource loss is achieved, as should occur with successful mitigation and 
rehabilitation activities. A ‘maintained’ system often occurs in natural, undisturbed landscapes 
(Connell 1978). 
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11.3. Landscape Function Analysis 
Landscape Function Analysis (LFA) was developed by Tongway and Hindley (1995), with later 
improvements (Tongway and Hindley 2004, 2005), as a monitoring procedure that assesses 
indicators of soil surface processes to gauge how well a landscape is operating as a biophysical 
system. The predominant application of LFA has been in the Australian rangelands, where it 
was initially developed as a tool for the assessment of ecosystem function and to provide a 
rigorous, repeatable and reliable procedure capable of operating in a wide range of ecosystem 
and climate types, both nationally and internationally (e.g. Watson et al. 2007, Ampt et al. 2008; 
Greene 1992; Friedel et al. 1996; Ludwig and Tongway 1996, 1997a,b; Eldridge and Koen 
1998). It is the synthesis of much published material from a variety of sources which 
incorporates ten simple, holistic measurements and assessments that are considered 
landscape ‘function’ indicators that focus on the soil surface hydrology: rainfall, infiltration, runoff, 
erosion, plant growth and nutrient cycling. The scores resulting from the assessment of these 
indicators are combined to form relatively objective assessments of ecosystem stability, 
infiltration and runoff, and nutrient retention and cycling. This data can be used to provide initial 
results prior to proceeding with more detailed measurements to investigate a suspected change 
or disturbance in landscape and/or ecosystem function. 
Barnett (2000) used LFA for dryland salinity degradation assessment and ecosystem function at 
degraded salinised sites in the Yass Valley of NSW, where he found that they were indeed 
functional, and this was concluded from grazed farmland sites that were highly disturbed, 
extensively cleared and modified. His conclusions are summarised in Section 2.8.2. 
The LFA method was used as its conceptual framework is based on the retention of vital 
resources and focuses on the processes that regulate the spatial movement and use of water, 
surface soil and organic matter in the landscape (Tongway and Hindley 2005). Additionally, the 
methodology uses simple and quick to measure, mostly visual indicators designed to investigate 
a range of important physical, chemical and biological processes related to both vegetation and 
soil degradation. This indicator data could then be used in the statistical analyses, in addition to 
the LFA ‘Indices’ analyses.  
LFA comprises three modules; a conceptual framework, field methodology and an 
interpretational framework, and is intended to generate chronosequences of data particularly 
appropriate for monitoring activities.  
The initial step involves site selection and landscape stratification with quantification of site 
attributes to adequately describe site conditions. The landscape is stratified into functional 
(landscape) units discriminated on processes (Tongway and Hindley 1995). Greene (1992) 
showed that the stratification of a rangeland landscape into component units based on the 
principles described above were consistent with measured differences in soil properties, 
aggregate stability and infiltration rates.  
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The interpretational framework is based on a sigmoidal response surface linking the lowest and 
highest functional examples of a given landscape type across a stress/disturbance gradient, 
which In this case, is degradation and associated elevated soil salinity levels. 
It was predicted that the LFA indicators will be impacted as EC levels and associated 
degradation increases. This should be particularly apparent at scalds. Similarly, as salinity is 
proposed to be a symptom of soil and vegetation degradation, and as LFA focuses on soil 
surface parameters associated with soil and vegetation degradation, the LFA indicators should 
be strongly associated with the other biotic and abiotic measurements linked to degradation. 
This is especially the case for the indicators that are associated with those factors likely to 
cause elevated surface evaporation rates, such as groundcover or trees and surface litter 
(Penman 1948). It is through these changes that the landscape functionality will also be 
impacted, changing the rates of stability, infiltration and nutrient cycling. 
 
11.4. LFA methodology 
As LFA can be performed using quadrats or transects (Tongway and HIndley 2004a,b), the 
transects were used. The LFA was performed in April 2006 at all sites with the methodology 
basically consisting of 2 stages; 
Stage 1 involved identifying different ‘Patches’ (vegetated) and ‘Interpatches’ (Bare Soil) along 
each transect, marking these out with small wire flags and subsequently measuring the distance 
covered for each Patch/Interpatch along each transect. The Patches identified were ‘Sparse 
Grass’, ‘Dense Grass’ and ‘Treed’, with Bare Soil Interpatches (also designated as a Patch 
Type).  
Stage 2 involved identifying a subset of the patches and interpatches (a minimum of 3 for each) 
and performing the surveys for the LFA indicators.  
LFA consists of 11 measurements, or indicators, shown in Table 11.1, that focus on surface 
hydrological, vegetative and physical attributes. The methodology is fully described in the LFA 
Field Procedures by Tongway and Hindley (2004a,b, 2005); 
All measurements were taken at the four survey stations along each transect for subsequent 
inclusion in the statistical analyses. This technique is slightly adapted from the original 
methodology (Tongway and Hindley 2004a,b, 2005), but due to the relevance of a number of 
the LFA indicators for this research, was considered a strategic approach.  
 
Table 11.1. Landscape Function Analysis (LFA) indicator and measurement summary with soil surface 
features, their respective process based interpretations (source: Tongway and Hindley, 1999, 2005), and 
relevant references. 
Indicator Measurement Notes Reference 
1) Soil cover 
(rainsplash % 
protection - RP) 
Amount of material providing 
protection from rainsplash – 
therefore measures erosion 
vulnerability 
Rainsplash 
protection = RP 
5 classes total, 
insignificant (<1%) to 
Very High (>50%) 
(Greene, 1992) 
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2) Perennial plant 
basal % cover (PV) 
Amount of perennial 
vegetation % (PV) along 
transect.  
Contribution to root biomass 
to nutrient cycling processes 
5 classes in total 
ranging from 
insignificant (<1%) to 
High (>20%)  
 
(Swift & Anderson 
1993) 
3) Litter cover, origin, 
and degree of 
decomposition 
 
Depth of litter & origin; local or 
transported & amount of 
decomposition; (4 classes – 
nil to extensive)  
Availability of surface organic 
matter for decomposition and 
nutrient availability 
10 classes in total – 
first 5 related to 5 
cover percent (<10% 
- 100%), 2nd five 
relate to thickness 
(Brussaard et al. 
1997) 
4) Cryptogram cover  Amount of algae, fungi, 
mosses, lichens, liverworts. 
Indicator of surface stability, 
resistance to erosion and 
nutrient availability 
4 classes (N/A 
to >50%) 
(Eldridge and 
Greene 1994) 
5) Crust brokenness  Amount of cracking formed on 
surface.  
Loose crusted material 
available for wind ablation or 
water erosion 
4 classes – intact to 
extremely broken  
(Gabriels et al. 
1998; Poesen & 
Nearing 1993) 
6) Erosion features  Presence of rills & gullies, 
terracettes, sheet erosion, 
scalding, pedestals. 
Nature and severity of current 
soil erosion features 
4 classes 
(insignificant to 
severe) 
(Hamblin 1998) 
7) Deposited 
materials 
Alluvium - transported & 
deposited - other material, 
size & amount  
Quantity of alluvial deposits 
4 classes 
(insignificant 0-5% to 
extensive >50%) 
(Tongway 1995) 
8) Soil 
microtopography  
Surface roughness  
For water infiltration and flow 
disruption, seed lodgement 
and recruitment 
5 classes based on 
relief – smooth 
(<3mm) to deep 
depressions 
(>100mm) allowing 
extensive retention 
(Tongway 1995) 
9) Surface nature  
(resistance to erosion) 
Resistance to disturbance - 
performed on dry soils. 
Likelihood of soil detachment 
and mobilisation by 
mechanical disturbances 
5 classes – non 
brittle to loose sandy 
surface 
(Tongway 1995) 
10) Slake test  Assess the stability of natural 
soil fragments to rapid wetting 
= soil stability & erosion      
potential & affects to biota – 
performed on dry soils   
4 classes – high 
slaking (1) = very 
unstable, to no slake 
(4) = stable  
(Emmerson 1967) 
11) Soil Texture  Surface soil - relates to 4 classes – very slow (Scott 2000) 
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 permeability  
Soil structure, infiltration 
(permeability), EC - salinity 
(soil/water mix and EM) 
infiltration rate to 
high infiltration rates 
(mm/hr) 
 
Additionally, soil dispersibility using the ASWAT method (Field et al. 1997) was used in 
conjunction with Slake (indicator 10), on the 50 soil subsamples. 
Soil Surface compaction was measured with a dial penetrometer at 5 representative spots 
around each station (within 50cm radius of the station centre). This direct measurement was 
used for the individual analyses rather than the LFA Surface nature (indicator 9) assessment. 
The five measurements were averaged to give a mean in kg/cm2 for each station. This reading 
is considered to be a surrogate measurement for soil surface compaction and density (Tongway 
and Hindley 2004). 
This data is included in the LFA indice template which then calculates the index as a percentage. 
The scores generated are used to summarise the processes that they represent, as shown in 
Figure 11.1, namely three indices of landscape (and ecosystem) functioning; ‘stability’, 
‘infiltration and runoff’, and ‘nutrient status and cycling’; 
1) Stability indicates the ability of the soil to withstand erosive forces, and to reform following 
disturbance (also see section 8.10.5). 
 
2) Infiltration and runoff relates to how the soil partitions rainfall into soil-water, effectively 
providing water available for plants to use, and runoff water that is lost from the local system, 
or may transport materials such as organic matter and nutrients away. Runoff can also 
cause erosion. 
 
3) Nutrient status and cycling indicates the efficiency with which organic matter is cycled 
back into the soil, hence retaining or losing nutrients within the system.  
 
This data is then used to answer the prediction that bare degraded areas, especially scalds, are 
less functional than vegetated areas and hence, address the hypotheses stated above. 
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Figure 11.1. The LFA procedure showing individual indicators used for calculating the three indices; 
stability, infiltration (and runoff) and nutrient cycling (from Tongway and HIndley 2005). 
 
The indicators which are considered to be the most important in the indices score and show an 
association with degradation, are described further in the second part of the chapter. 
 
11.5. LFA Results  
11.5.1. LFA Indices - Stability Index 
The mean Stability Index for each Patch Type are summarised in Table 11.2 and show a 
gradual increase in stability as vegetation cover increases. It is shown that on average, stability 
is significantly different between Patch Types (P<0.001). Additionally, the amount of variation 
within each Patch Type decreases with increasing amount of vegetation cover. On all occasions, 
the Stability Index beneath Treed Patches, where present, was the maximum of the Patch 
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Types, although Dense Grass equaled Treed on a few occasions (e.g. Site 1 T6 both 78%), with 
considerable overlap. Treed patches ranged between 71 and 90%, although scores are 
generally above 80%, Dense Grass ranged between 64 and 88%, Sparse Grass between 51 
and 86% and Bare Soils between 32 and 60%. The higher Bare Soil scores were mainly from 
non saline areas, with the scalds generally between 35-45%, indicating that the Stability Index 
at degraded bare areas with elevated salinity levels, was reduced compared to the other Patch 
types. This was shown at Site 3 T12 with 33% and Site 5 T4 with 32%. However, many scalds 
appear to be stable, particularly the ones surrounded with native groundcover species and also 
those with Juncas growing at the site (e.g. 63% at Site 2 T10). Interestingly, T12 at Site 3 
attained the second lowest Bare Soils Stability Index (33%), but also the highest Treed Stability 
Index (90%).  
Therefore, all vegetated surfaces are reasonably stable. Many of the Bare Soil Patches are also 
considered stable, with scores above 50 percent. This is often reinforced by the restrictive 
nature of vegetation growing along the lower boundary of the scalds, as described in Chapter 9. 
However, many are also in the very low range. 
It was predicted that the Stability Index will be adversely affected by elevated salinity levels, 
however, results indicate that high Index values are found at high salinity levels and low Index 
values are found at all EC levels, as shown in Figure 11.2. A threshold may exist at 
~2000µS/cm, where Index levels decrease, except for one high reading. The results indicate 
that factors other than the salinity are influencing the Stability Index. 
 
Table 11.2. LFA Stability Index for different Patch Types, showing means, SE and SD, with an increase in 
stability (and a decrease in SD) as vegetation increases. The means are significantly different (P<0.001).  
 Bare soil Sparse grass Dense grass Treed 
mean 44.4 70.3 76.1 83.0 
SE 2.0 1.3 0.9 0.6 
SD 8.4 8.0 5.6 4.6 
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Figure 11.2. LFA Stability Index and soil EC(1:5), showing only a weak relationship, however, a possible 
threshold at ~2000 µS/cm. Note, highest stability scores at lower EC levels but low stability scores at all 
EC levels. 
 
The association with the stability Index and SOM was investigated, with the prediction that SOM 
affects stability, as described in Chapter 10. This is shown in Table 11.3, with a low Index mean 
for no SOM (48.9%), and a significantly different (P<0.001), relatively high mean for those 
stations with SOM (77.6%). 
 
Table 11.3. Stability Index and SOM means, SE and SD, showing a strong association. The means are 
significantly different (P<0.001). 
 No SOM (0) % SOM (1) % 
Mean 48.9 77.6 
SE 3.1 0.8 
SD 13.4 8.5 
 
11.5.2. LFA Infiltration and Runoff Index 
The Infiltration (and Runoff) Index scores for each Patch Type are summarised in Table 11.4, 
which, compared to the stability scores, are all low. On average, the Infiltration Index is 
significantly different between each Patch Type. On all occasions except three, the Infiltration 
Index beneath Treed Patch Type is the maximum of the four different Patch Types. Of these 
three exceptions, the differences were minimal (1%, 2% and both equal). A gradual decrease in 
scores with vegetation decrease is also shown, with Treed Patches generally 40-75%, Dense 
Grassland, 35-62%, Sparse Grassland 25-50% and Bare Soil Patches the lowest on all 
occasions, generally around 20-30%.  
It was predicted that the Infiltration Index will be adversely affected by elevated salinity levels, 
however, similarly to the stability scores, results indicate that high Index values are found at 
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high salinity levels and low Index values are found at all EC levels, as shown in Figure 11.3. 
Also similarly to the Stability Index, a threshold may exist at ~2000µS/cm, where levels 
decrease. The results therefore indicate that factors other than salinity levels are influencing the 
Infiltration Index. 
The association between the Infiltration Index and SOM was investigated, with the prediction 
that SOM should influence the Index levels. This is shown in Table 11.5, with a significant 
increase in levels (P<0.001) with the presence of SOM. 
 
Table 11.4. LFA Infiltration and Runoff Index and Patch Types, showing means, SE and SD, with a 
gradual increase in Index values as vegetation increases. The means are significantly different (P<0.001). 
 Bare Soil Sparse Grass Dense Grass Treed 
mean 26.3 40.5 46.6 54.5 
SE 1.1 1.0 0.8 0.6 
SD 4.5 6.3 5.3 4.7 
 
 
 
Figure 11.3. LFA Infiltration Index and soil EC(1:5), showing no relationship however, highest Index scores 
are found at low EC levels and a threshold may exist at ~2000µS/cm. Note also that low Index scores are 
found at all EC levels. 
 
Table 11.5. Infiltration and SOM, means, SE and SD, showing an increase in infiltration Index with the 
presence of SOM. The means are significantly different (P<0.001). 
 No SOM  SOM  
Mean 29.7 48.4 
SE 1.8 0.8 
SD 7.9 8.1 
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11.5.3. LFA Nutrient Retention and Cycling Index 
The Nutrient Cycling Index scores produced the lowest of the three indexes, as shown in Table 
11.6. On all occasions except one, Treed Patch Types attained the maximum scores, ranging 
from 36 to 61% (Site 2, T4 - Dense Grasses 58% and Treed 54% - although all the trees on this 
transect are saplings). The maximum scores of 61% were attained at Site 8 and Site 10, 
arguably the least degraded of the ten sites. Dense Grasses followed Treed Patch Types with 
scores ranging from 28 to 58%, then Sparse Grasses with 15 to 47%, and Bare Soils with 11 to 
23%. Most scalds have very low values, often below 15%. The minimum values of 11% were 
attained at the more degraded areas (such as Site 1 T1, Site 5 T3 and Site 6 T4). The highest 
score of 23% for Bare Soil was attained at Site 8 where although the soils are bare, they are 
less degraded and have low salinity levels. Highly degraded areas such as Site 2 T11 attained 
very low scores of 13% for the Bare Soil and 27% for Sparse Grass. Similarly to the Stability 
Index, Site 3 T12 showed maximum variation of all transects, with 58% for the Treed and 12% 
for the Bare Soil.  
It was predicted that the Nutrient Cycling and Retention Index will be adversely affected by 
elevated salinity levels, however, results indicate that relatively high Index values are found at 
high salinity levels and low Index values are found at all EC levels, as shown in Figure 11.4. 
Similarly to the other two Indexes, a threshold may exist at ~2000µS/cm, where Index levels 
decrease, except for one high reading. The results indicate that other factors than the salinity 
are influencing the Infiltration and Runoff Index. 
The association between the Nutrient Cycling Index and SOM was also investigated, with the 
prediction that there should be a difference between non SOM stations and those with SOM. 
Table 11.7 shows this difference, both low Index levels but are significantly different (P<0.001). 
 
Table 11.6. LFA Nutrient Cycling Index at different Patch Types, showing means, SE and SD with an 
increase in levels as vegetation increases. The means are significantly different (P<0.001). Note that all 
means are below 50%. 
 Bare soil Sparse grass Dense grass treed 
mean 16.3 31.6 38.4 47.6 
SE 1.2 1.1 0.9 0.7 
SD 5.3 6.7 5.8 5.4 
 
288 
 
Figure 11.4. LFA Nutrient Cycling Index and soil EC(1:5), showing only a very weak  relationship, however, 
highest Index scores are found at low EC levels and a threshold may exist at ~2000µS/cm. Note that low 
Index scores are found at all EC levels. 
 
Table 11.7. LFA Nutrient Cycling Index and SOM, showing means, SE and SD. Although low, soil with 
SOM has twice the Index scores as compared to without SOM. The means are significantly different 
(P<0.001). 
 No SOM  SOM  
Mean 20.2 40.6 
SE 2.1 0.8 
SD 9.0 9.0 
 
The three LFA Index results therefore suggest that some of the degraded Bare Soil Patches 
with elevated salinity levels may very well be functional, although less functional, or of reduced 
functionality, compared to the adjacent vegetated areas with relatively less disturbed and 
degraded soils. The Nutrient Cycling Index produced the lowest scores of the three Indices, with 
all Patches below the desired levels, but especially the Bare Soil Patches, with an average of 
just 16%. 
When the Nutrient Cycling Index is compared to total N a positive relationship is predicted. 
Although only weak, this slight positive relationship is shown in Figure 11.5. However, low and 
zero levels of N can be found at all Nutrient Cycling Index scores. A similar result occurs with 
the Nutrient Cycling Index and SOC% as shown in Figure 11.6. When the Nutrient Cycling Index 
is compared against the soil respiration levels (CO2), a stonger relationship is seen (Figure 
11.7). 
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Figure 11.5. Total nitrogen levels and the Nutrient Cycling Index, as measured at the same survey station 
that the soil sample was taken, showing a slight positive relationship, although low N levels are found at 
all Index values and relatively high N levels are also found at low Index values. 
 
 
Figure 11.6. Soil organic carbon % and the Nutrient Cycling Index, as measured at the same survey 
station that the soil sample was taken, showing a slight positive relationship, although low SOC levels are 
found at all Index values and relatively high SOC levels are also found at low Index values. 
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Figure 11.7. Bulk soil respiration levels (CO2) and the Nutrient Cycling Index, as measured at the same 
survey station that the soil sample was taken, showing a weak positive relationship, with low CO2 levels 
found at low Index values, however, relatively high CO2 levels are also found at low Index values. 
 
11.5.4. Results: Individual indicators 
In addition to ‘Patch’ (Bare Soil, Sparse/Dense Grassland and Trees), which has been reported 
during the previous chapters, five of the LFA indicators provided useful and relevant data for the 
research purposes, in addition to being the predominant indicators for each of the indice scores. 
They were therefore used in the statistical analyses and also presented below. These were the 
biotic indicators; ‘Rainsplash Protection’, (RP); ‘Perennial Vegetation Cover’ (PV); and ‘Litter 
cover, origin and incorporation’ (Litter), and abiotic indicators; ‘Slakeness’ (Slake) and ‘Surface 
compaction’ (Surface). RP can also be referred to as ‘soil cover’. It was evident during the 
actual LFA field surveys that these indicators were showing an association with the more 
degraded patches.  
The correlation coefficients Table 11.8 and regression analyses Table 11.9 confirm these 
observations. The regression analysis indicated that Patch, Litter, Perennial Vegetation, 
Rainsplash Protection, and Slake had significant (p<0.001) associations with ECfac and Scald, 
with PV and Slake also with pHfac (RP and Surface p<0.01). There was also a strong 
association with sites, transects and survey stations. 
The correlation coefficients of the 50 soil subsamples are also presented in Table 11.10, and 
show strong associations with most of the important cations, anions and SOM. These are 
reported on further in the following Sections. 
The other six LFA indicators, soil texture, surface resistance, soil surface roughness, deposited 
materials, erosion type and severity, crust brokenness, and cryptograms, were not used in the 
statistical analyses. A critique is therefore provided in Appendix 11.1. This was predominantly a 
consequence of the site selection criteria and subsequent transect location within the site, with 
most of the excluded indicators showing no variation along the transects or between sites. Had 
the experimental design been arranged differently, with the focus on different factors, these 
other indicators would likely have been of greater value. 
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Table 11.8. Correlation coefficients, positive and negative (p < 0.001 and 0.05), of the LFA indicators 
when analysed against all the variants, showing strong correlations with most of the abiotic and many 
biotic metrics. This included all variants having strong negative correlations with EC, Scald and pH, 
except for Surface compaction.  
H2O2 = (Carbon hydrolysis = SOM); Slake = amount of slaking with rapid wetting; CO2 = bulk soil 
microbial respiration; V and H = EM Vertical and Horizontal dipoles; S1 and S2 = EM survey seasons 1 
and 2 (autumn and spring); HCl = reaction when placed on soil surface; RP = rainsplash protection; PV = 
perennial vegetation; Patch = type of vegetation; Pine W = Pine log discs with earthworms; Euc W = red 
gum (euc) log disc with earthworms; Total Taxa no. = pitfall and Log Disc Total Taxa numbers.  
LFA indicator Positive <0.001 Positive <0.05 Negative <0.001 Negative <0.05 
RP H2O2, Slake, CO2, PV, 
Litter, Patch, Pine 
Worms, Worms, Toilet 
rolls 
Log Taxa no., Euc’ 
Worms 
Scald, EC, all 
EM38, EM31H S1, 
pH 
EM31H S2, HCl, 
Surface, Frogs 
PV H2O2, Slake, CO2, RP, 
Litter, Patch, Pine 
Worms, Toilet rolls 
Log Taxa no., Euc’ 
Worms, Worms 
Scald, EC, all 
EM38, pH 
EM31H S1 & S2, 
HCl, Surface 
Litter H2O2, Slake, CO2, RP, 
PV, Patch, Pine Worms, 
Worms 
Total Taxa, Euc’ 
Worms, Toilet rolls 
Scald, EC, all 
EM38, EM31H S1 
& S2, pH, Surface 
EM31V S1, HCl, 
Frogs 
Patch H2O2, Slake, RP, PV, 
RP, Litter, CO2,  Toilet 
rolls 
Infiltration, Log Taxa 
no., Total Taxa no., 
Pine Worms, Worms, 
Pine Ants 
Scald, EC, all 
EM38, EM31H S1, 
pH, Surface 
EM31V S1, 
EM31H S2, 
Frogs 
Surface 
compaction 
All EM38, EM31V S1, 
EM31H S1 & S2 
Scald, EM31V S2, 
pH, HCl 
Litter, Patch, CO2 Infiltration, RP, 
PV 
Slake H2O2, RP, PV, Litter, 
Patch, CO2 
Log Taxa no., Pine 
Worms, Worms 
Scald, EC, all 
EM38, EM31H S1, 
pH 
EM31H S2, HCl 
 
Table 11.9. Summary of the regression analyses using accumulated analyses of variance showing 
significance of F-products when the factors, ECfac (determined from salinity levels), pHfac (determined 
from pH levels), and Scald (Yes or No), were analysed against the LFA indicators shown. TR = transect, 
and STN = survey station. PV = Perennial Veg and RP = Rainsplash Protection. Variants were analysed 
simultaneously as well as separately. The separate analyses (not presented) generally conferred with the 
amalgamated analyses.  
= <0.001;= <0.01; x = not significant 
INDICATOR SITES SITES.TR STN.TR ECfac pHfac scald 
LFA  Patch     x 
LFA litter     x 
LFA PV      
LFA RP      
Slake      
Surface   x   x 
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Table 11.10. Summary of significant correlations (positive and negative) of the 50 soil subsamples with 
the LFA indicators. t = total cations; ex = exchangeable cations; Moisture = air dried moisture, C = organic 
carbon, Patch = Bare Soil, Dense/Sparse Grass and Trees (note that exchangeable cations and ASWAT 
were analysed on 48 samples). The p values are divided into columns. The LFA indicators, RP, PV and 
Litter were not included as variants in this analysis. 
Indicator  P values   
 +<0.001 +<0.05 -<0.001 -<0.05 
ASWAT pH, ESP Scald, Na-t, F, NO3, K-ex, Na-ex, 
SAR, Surface 
C, Ca-ex, Patch K-t, N, 
Moisture, Fe-
ex, Slake, H2O2 
Slake C, Patch, H2O2 K-t, N, Moisture, Ca-ex, Fe-ex Na-t, Cl, Br, NO3, 
SO4, Na-ex, ESP, 
SAR 
K-ex, ASWAT 
Surface  pH, F, K-ex, ESP, SAR, ASWAT  C, Mg-ex 
Patch C, Ca-ex, Slake, 
Surface 
Ca-t, N, Moisture Na-t, Cl, Br, ESP, 
ASWAT 
F, NO3, Na-ex, 
SAR 
 
 
11.5.4.1. Rainsplash Protection (RP) 
A high level of Rainsplash Protection (RP), or soil cover, indicates a greater likelihood of soil 
protection during rain events, with consequent reduced erosion potential, increased soil surface 
stability and greater nutrient retention. It follows that RP is reduced as the vegetation levels 
decrease, and this is shown in Table 11.11, however the link with EC levels is less obvious. 
Surface evaporation is likely to be higher where surface protection is reduced, hence an 
association with EC levels is predicted. Figure 11.8 shows that the highest RP levels are found 
where EC levels are below 2000 µS/cm. However, note that all RP scores are found at 
negligible EC levels and low RP scores are found at all EC levels. This is also shown in Table 
11.12, where the mean EC levels from each RP scores are significantly different (P<0.001). 
All scalds had low or no rainsplash protection, with scores of just 1 or 2, identifying those areas 
that were barren and exposed. Areas away from scalds which are relatively less degraded and 
less bare, such as Dense Grass and Treed Patch Types, attained scores of 4 and 5 as 
expected.  
The RP indicator was one of the more strongly correlated of the biotic indicators as shown in 
Table 11.8. This included both biotic and abiotic indicators, particularly those associated with 
vegetation and soil degradation such as soil slakeness and scald, SOM and microbial 
respiration (CO2), EC(1:5) and ECa. The fauna indicators, Worms and Termites (Toilet rolls) also 
produced strong correlations (p<0.001). An inverse relationship was apparent between RP and 
ECa, indicating that as depth increases, the association between ECa and RP decreases.  
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Table 11.11 Rainsplash Protection (RP) and Patch Type means, SE and SD, showing an increase in RP 
as vegetation increases. The means are significantly different (P<0.001). 
 Bare Soil Sparse Grass Dense Grass Treed 
mean 1.1 3.9 4.6 4.9 
SE 0.1 0.1 0.1 0.0 
SD 0.3 1.0 0.8 0.4 
 
 
 
Figure 11.8. Rainsplash Protection (RP) and soil EC, showing a decrease in RP is associated to elevated 
salinity levels, although low RP levels are found at all EC levels and low EC levels are found in all RP 
classes. 
 
Table 11.12. Rainsplash Protection (RP) and EC means SE and SD, showing an increase in EC levels as 
RP is reduced. The means are significantly different (P<0.001). Note also the large variation in all RP 
classes. 
 RP 1 RP 2 RP 3 RP 4 RP 5 
Mean (µS/cm) 1503.7 604.1 412.7 143.8 173.4 
SE 268.7 329.9 201.5 44.5 20.6 
SD 1471.6 1043.1 753.9 298.5 265.2 
 
11.5.4.2. Perennial Vegetation Cover (PV) 
The LFA PV indicator became the main quantitative flora measurement for the research, hence 
was used in the statistical analyses. If elevated salinity levels kill native vegetation, such as 
reported by Briggs and Taws (2003), PV should be strongly linked to EC levels. However, if 
vegetation degradation is a main precursor of elevated evaporation rates hence evaporite 
deposition, the opposite should occur although the association should still be strong. The 
perennial species comprising the PV are reported in Chapter 9. 
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The majority of degraded scalds (Bare Soil Patch Types) attained low PV scores of 1 or 2 Index, 
in contrast to the majority of non scald vegetated areas which generally attained scores of 3 or 4. 
Similarly to RP, most stations with elevated salinities had a PV index of 1, as shown in Figure 
11.9. Table 11.13 shows the means and SD of the EC levels at each Patch Type, showing large 
variation within each Patch, especially Bare Soil Patch Types. Also shown is the negative 
relationship between PV and EC levels, with a general decrease in EC levels as vegetation 
increases, in this case perenniality. This was expected if evaporite accumulation is linked to 
vegetation degradation and consequent elevated evaporation rates, hence elevated salinities. 
Similar to the RP, many strong correlations exist with the other variants (Table 11.8), biotic and 
abiotic, almost identical to the RP results although the correlations are generally slightly weaker. 
PV also showed an inverse relationship with the ECa depths and this was apparent at all sites, 
indicating that ECa has very little relevance for the vegetation. 
 
 
Figure 11.9. Perennial Vegetation (PV) and soil EC, showing a decrease in EC levels as vegetation 
increases (4 to 1). The two high EC readings for PV Index 2 are scalds with exotic flora. Note the extreme 
variation in EC for PV class 1. 
 
Table 11.13. Perennial vegetation (PV) classes and EC(1:5) showing means and SD of each PV class (1 – 
4, where 1 = Bare, 4 = Treed, or well vegetated). Means are significantly different (P<0.001). Note the 
considerable variation for each class. 
 PV 1 PV 2 PV 3 PV 4 
Mean (µS/cm) 1370.9 792.2 280.9 162.8 
SD 1421.4 1322.3 549.6 254.4 
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11.5.4.3. Litter Cover, Origin and Incorporation (Litter) 
Litter predominantly consisted of leaves, grass, twigs and bark material, in addition to gumnuts 
and dung. In all cases the litter was locally derived and in most cases, the degree of 
decomposition was either nil or slight. On a few occasions, at the relatively less-degraded sites, 
such as Sites 7, 8 and 10, the decomposition was termed moderate and this always occurred 
beneath trees where any erosional activity was absent. 
This indicator was more variable than the other LFA indicators, showing a range of scores 
between 1, primarily taken from the scalds and Bare Soil Patches, as shown in Table 11.14, to a 
score of 8 at Site 9 beneath densely treed woodland, indicating 100% cover with 70-120mm 
thick litter. All of the high scores were attained either beneath trees or nearby in relatively 
undisturbed grassy woodlands, with both Sparse and Dense Grass Patch Types, the grasses 
assisting with litter retention on the soil surface. These results agree with the correlation 
coefficients which show strong correlations with all other LFA biotic indicators (Table 11.8), in 
addition to the abiotic indicators linked to soil and vegetation degradation. 
Most of the samples with elevated EC levels had low Litter levels, as shown in Figure 11.10, 
although, a number did have high Litter levels (i.e. 4 to 7) where soil salinity levels were 
between 1000 and 2000 µS/cm and many low litter scores were also attained at low salinity 
levels. The two lower Litter classes had on average, significantly higher EC levels, as shown in 
Table 11.15. The locations where high salinity levels were coupled with high Litter scores were 
from a site with extensive tree dieback and dead trees, providing abundant material for litter 
deposition. 
When the soil respiration levels are analysed with Litter, as shown in Table 11.16, a positive 
relationship is seen, with respiration rates increasing with Litter amount and decomposition, 
excluding Litter class 7. Large variation within each Litter class is also apparent. 
 
Table 11.14. Litter Index (1-8) and Patch Type, showing means and SD. Litter Index increases with 
vegetation. Means are significantly different (P<0.001).  
 Bare soil Sparse Grass Dense Grass Treed 
mean 1.2 4.0 4.3 5.8 
SD 0.4 1.2 1.2 0.8 
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Figure 11.10. Soil EC with LFA Litter index, showing a decline in Litter values above ~1000µS/cm and 
again at ~2000µS/cm. Note also that it is likely to be the reduced amount of Litter that increases soil 
surface evaporation rates and consequently EC levels (i.e. Litter levels >4 restricts EC(1:5) levels to 
2000µS/cm), not vice versa (i.e. elevated salinity levels reducing the amount of litter). 
 
Table 11.15. Litter Index and soil surface EC with means, SE and SD for each Litter class. The two lower 
Litter levels have significantly higher (P<0.001) EC levels. The low value for Litter class 3 may be 
coincidence, or may be of importance. 
 Litter 1 Litter 2 Litter 3 Litter 4 Litter 5 Litter 6 Litter 7 Litter 8 
Mean 1554.7 795.9 92.8 232.4 127.4 204.4 216.9 425 
SE 306.5 251.6 15.1 71.5 20.2 31.0 90.9 0 
SD 1562.9 1006.5 73.8 474.2 171.6 242.3 406.5  
 
 
Table 11.16. Litter Index classes with soil respiration (CO2) means, SE and SD, showing a general 
increase in soil respiration with amount and depth of Litter. The means are significantly different 
(P<0.001). 
 Litter 1 Litter 2 Litter 3 Litter 4 Litter 5 Litter 6 Litter 7 
Mean 70.13 177.67 182.76 204.86 278.55 340.40 304.68 
SE 17.84 51.34 37.02 20.33 21.38 24.99 28.28 
SD 83.66 135.83 82.79 88.61 124.67 141.37 69.27 
 
 
Similar to RP and PV, strong correlations with Litter and the abiotic and biotic indicators are 
shown in Table 11.8. Also similar to the other indicators, the association between Litter and ECa 
depth decreases as the soil depth increases (i.e. EM measuring depth), and this inverse 
relationship is also generally consistent at all sites when they are analysed separately (results 
not shown).  
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The regression analyses indicated that Litter was significantly associated with ECfac and Scald 
(p<0.001) but nothing with pHfac (Table 11.9). The highest Litter values were where ECfac was 
Low and Medium, whilst Extreme ECfac had the lowest Litter values. This is also shown in 
Figure 11.10.  
It was also interesting to note the positive correlation with Worms and Litter (Table 11.8), which 
was expected, and the negative correlation between Frogs and Litter, suggesting that the frog 
species identified may dislike litter being present and possibly prefer the bare areas. 
11.5.4.4. Patch 
The LFA Patch Type results, first reported in this thesis in Chapter 5 and subsequently in 
chapters 5 – 10 with the most important indicators, often exhibited considerable changes along 
transects, with Patch Type changes occurring over scales of a metre or less, particularly Bare 
Soil and Sparse Grass.  
Similarly to the other LFA biotic indicators, and presented in the previous results chapters, 
Patch had strong correlations with many biotic and abiotic indicators, as shown in Table 11.8. 
An inverse relationship also exists between Patch and EM measuring depth, where the 
association with ECa and Patch decreases as the EM measuring depth increases.  
The regression analysis shown in Table 11.9 indicated that Patch was significantly associated 
with ECfac and Scald, but not pHfac.  
 
11.5.4.5. Soil Slaking (Slake) 
Slaking identifies the stability of the soil when rapidly wet, affecting the resistance to erosion and 
the ability of the soil to maintain its structure to provide water and air for the survival of plants 
and soil biota. Limited slaking suggests that the presence of soil organic matter binds soil 
particles and microaggregates into larger, stable aggregates (Emmerson 1967). It was therefore 
predicted that Slake should be strongly associated with the Bare Soil Patches, especially scalds, 
due to the lack of SOM and often increased amounts of sodium. It should also be associated 
with other indicators linked to degradation, including EC level increases with cation and anion 
changes. 
This was indeed the case as shown in Table 11.17, although Bare Soil Patch types showed the 
greatest variation, many slaking extensively whilst others exhibited none. Treed Patch Types 
consistently had zero slaking, with all samples attaining a score of 4. It was also shown that the 
treatment means are significantly different (p<0.001). 
The majority of the soils indicated minimal to zero levels of slaking, with 235 of the 264, stations, 
or 89%, receiving a Slake score of 4.  
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Table 11.17. Summary of the means and SD between Patch Types and Slake. The Bare Soil Patches 
and other means are significantly different (p<0.001). Note all vegetated patches have consistently non 
slaking soils. 
 Bare Soil Sparse grass Dense grass Teed 
Mean 2.3 4.0 3.9 4 
SD 1.2 0.2 0.5 0 
 
 
A total of fourteen highly slaking soils with a score of ‘1’ were attained, all from scalds (Bare Soil 
Patches). A number of the scalds with scores ‘1’ and ‘2’ did not have high EC levels, although a 
strong relationship is still apparent, as EC levels increase, Slake scores also increase (i.e. 
reduced slaking). Mild slaking, with scores of ‘2’ (seven in total) and ‘3’ (eight in total) were also 
attained, with all of the ‘2’ and six of the ‘3’ scores located on scalds. Tables 11.18, 19 and 20 
show this trend. One scald at Site 1 showed no slaking, with a reading of ‘4’, but this was a one-
off result. The two ‘3’ scores attained on non-scalds were however located in the lower swampy 
degraded area of the site, adjacent to scalds.  
Importantly, it was apparent that this indicator often changed from a 1 to a 4 immediately across 
the scald boundary (i.e. often within <10cm), indicating an abrupt boundary change in soil 
surface conditions. A number of areas with elevated EC levels and zero slaking (Slake 4) 
occurred, although all samples with high EC levels, except at Site 1, also had high Slake scores 
(i.e. 1 and 2). It is also worth noting that all high Slake values (i.e. low slaking) occur with EC 
values less than ~2000 µS/cm, indicating that this may be a general limit for slake to occur 
(≤2000 µS/cm). Moreover, a stronger correlation between Scald and Slake (R = 0.64) than EC 
and Slake (R = 0.38) suggests that a bare scald surface causes elevated slaking more so than 
EC does, hence the EC is a symptom of the scald, similarly to elevated slaking.  
The relationship between Slake and pH is shown in Table 11.21, where slaking soils are often 
associated with alkalinity. The majority of low slaking scores (4) are associated with acidity and 
vice versa, most scores above pH 8 are highly slaking. However, also shown is that all Slake 
scores are found at all pH levels, indicating factors other than pH are causing the increased 
slaking. 
 
Table 11.18. Result summary of Slake classes and EC means, SE and SD, showing a significant 
increase in EC levels with increased slaking. The means are significantly different (P<0.001). Note also 
considerable variation within all Slake classes. 
 Slake 1 Slake 2 Slake 3 Slake 4 
Mean 2184.7 880.1 919.4 200.8 
SE 453.6 412.5 448.1 22.2 
SD 1697.3 1091.4 1344.3 339.5 
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Table 11.19. Result summary of Scald and non scald (yes and no) and Slake (1-4) means and SD. The 
means are significantly different (P<0.001). All low Slake values (i.e. 1 and 2 = high slaking) are 
associated with scalds whilst high values (3 & 4), non scalds. 
 Scald Non scald 
Mean 2.2 4 
SD 1.2 0.1 
 
 
Table 11.20. Result summary of Slake (1 – 4) and scald (yes=1, no=0) means and SD. The means are 
significantly different (P<0.001). 
 Slake 1 Slake 2 Slake 3 Slake 4 
Mean 1 1 0.9 0 
SD 0 0 0.4 0.2 
 
 
Table 11.21. Slake classes with pH means, SE and SD and show that the slaking soils are often 
associated with alkalinity and non slaking soils are generally acidic. The means are significantly 
different (P<0.001). 
 Slake 1 Slake 2 Slake 3 Slake 4 
Mean 8.5 5.3 6.10 5.6 
SE 0.6 0.2 0.4 0.1 
SD 2.2 0.5 1.2 1.1 
 
 
When the soil subsamples were analysed with Slake, as shown in the correlation coefficients 
Table 11.8, low Slake scores (1), indicating high slakeness and degraded conditions, were 
associated with;  
1) cation changes, such as elevated levels of exchangeable Na (Figure 11.11a) and low levels 
of exchangeable Ca and Fe (Figure 11.11b.c). Strange results for K appear to show 2 separate 
trends similarly to the EC results reported in Chapter 6, where similarly to Fe and Ca, one 
shows increasing K with decreasing Slake, as one would expect considering K would likely 
deplete as degradation increases, or vice versa, and the other where high K values are found at 
both high and non slaking surface soils (Figure 11.11d);  
2) anion changes, such as elevated levels of Cl, Br, NO3 and SO4 (Figure 11.12) and;  
3) low levels of SOC (Figure 11.13). The higher levels of SOC found in the non slaking soils 
indicates that organic C is an important factor for the dispersibility of soils in these landscapes, 
which also agrees with the strong association with SOM (H2O2). The same can be seen with N, 
as presented below, with low to zero levels and Ca-ex, in addition to the strong association with 
the important factors concomitant with degradation and scalds (i.e. EC, Scald, pH, Na and the 
anions). It is also worth noting that the association with Slake and Br is stronger than the 
association with Slake and Cl. 
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The regression analysis (Table 11.9) indicated that Slake was highly significantly associated 
with ECfac, pHfac, and Scald, being one of the most strongly associated abiotic variables, which 
concurs with the correlation coefficients (Table 11.8).  
The results therefore indicate that soil surface slakeness is an important parameter in these 
landscapes and due to its close association with degradation, including reduced SOM and SOC, 
changed cation and anion concentrations with commonly elevated salinity levels and alkaline pH 
levels, requires urgent management at these sites, especially for sustainable productivity.  
 
 
a)  b) 
Figure 11.11a. Slake and Exchangeable Na (Na ex) measured from the soil subsamples, showing a 
general decrease in Na levels as slaking decreases. Although, high slaking (scores of 1) exhibit a large 
variation of Na levels. 
Figure 11.11b. Slake and Exchangeable Ca (Ca ex) measured from the soil subsamples, showing a 
general increase in Ca levels as slaking decreases. Unlike the Total Ca results, high slaking scores (1 
and 2) do not show the level of Ca ex variation, although the non slaking (4) do show this variation. It is 
obvious that Ca ex levels are low in slaking soils. 
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c)  d) 
Figure 11.11c. Slake and Exchangeable Fe (Fe ex) of the soil subsamples, showing a general increase in 
Fe levels as slaking decreases, similar to Ca ex. High slaking scores do not show much variation of Fe ex 
levels, being depleted, although non slaking (4) do show this variation. 
Figure 11.11d. Slake and Exchangeable K (K ex) measured from the soil subsamples showing a similar 
pattern as Fe and Ca, except high K levels in both degraded (high slaking) and relatively non degraded 
(low slaking) soils. The high levels in slaking soils may be due to a K salt, such as sylvite or carnalite, 
both highly soluble, more so than NaCl, or perhaps KOH, also highly soluble and more caustic than 
NaOH. 
 
 
a)  b) 
Figure 11.12a Slake and Cl levels measured from the soil subsamples, showing a general decrease in Cl 
levels as slaking decreases (4). All Slake scores exhibit a large variation of Cl levels however, the high 
slaking soils (Bare Soil Patches) show the most variation. 
Figure 11.12b Slake and Br levels measured from the soil subsamples, showing a general decrease in Br 
levels as slaking decreases. All Slake scores exhibit a large variation of Br levels however, the highly 
slaking soils (Bare Soil Patches) show the most variation. Note the similarities with Cl. 
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c)  d) 
Figure 11.12c Slake and NO3 levels measured from the soil subsamples, showing a decrease in NO3 
levels as slaking decreases (1 to 4). High slaking soils (1) show the most variation and all slaking levels 
can have low NO3 levels. 
Figure 11.12d. Slake and SO4 levels measured from the soil subsamples, showing a decrease in SO4 
levels as slaking decreases (1 to 4). High slaking soils (1) show the most variation and all slaking levels 
can have low SO4 levels. Note also the similarities to NO3 levels. 
 
   
Figure 11.13. Slake and organic carbon percent (SOC%) measured from the soil subsamples, showing 
an increase in SOC% levels as slaking decreases (4), however, non slaking samples also show large 
variation, including low SOC levels. It is evident however, that the majority of slaking soils are consistently 
low in SOC. 
 
11.5.4.6. Soil dispersibility (ASWAT) 
Similar predictions could be made regarding ASWAT as to Slake, in that dispersibility should 
increase with degradation and ‘bareness’, in addition to increased salinity levels. 
The ASWAT (Aggregate Stability in Water) methodology (Field et al. 1997), was performed 
using collected rain water on 48 of the 50 soil subsamples. Figure 11.14a,b, shows soil samples, 
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non dispersible (a score of 2) on the left taken from a Treed Patch Type, and highly dispersible 
(score of 16) on the right, taken from a scald.  
 
 
a) 
 
Figure 11.14.a,b. ASWAT tests performed on the soil subsamples, showing a) 5 separate samples with 
dispersible on the right, taken from a scald, the others from vegetated surfaces and; b) A Treed Patch 
Type sample on the left and a scald sample almost completely dispersed on the right. 
 
Scores ranged between 0 (non-dispersible) to 16 (highly dispersible). The majority of samples 
(~85%) indicated high dispersibility rates, being over the critical threshold level of 6 for 
dispersibility (Field et al. 1997). High dispersibility appears to be more associated with elevated 
pH levels than EC levels, as seen in Figures 11.15 and 11.16, which also concurs with the 
correlation coefficients (Table 11.10), although a number of the acidic samples are also highly 
dispersive. In addition, all but one of the samples with an ASWAT 15 or above is associated 
with elevated EC levels. All non-dispersible samples (0-2) were collected in Treed Patch Types, 
or relatively intact woodlands with relatively thick A1 (and A0) horizons present. The dispersibility 
levels increase with bareness, or decrease with vegetation, as shown in Table 11.22. 
b) 
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The four samples collected at a depth greater than 10cm showed high dispersibility (11-16), 
probably associated with the amount of sodium present, with correlations shown between 
ASWAT with ESP, Na and SAR.  
Strong correlation coefficients between ASWAT and a number of important variants are shown 
in Table 11.10, which can be linked to soil degradation. 
 
          
Figure 11.15. ASWAT and soil EC from the soil subsamples (48 in total) showing no relationship. Note 
that all low ASWAT scores are below ~1200 µS/cm, however, many high ASWAT scores are also 
associated with low EC levels, suggesting that it is not EC that is the predominant cause of soil dispersion 
and in many cases, erosion. 
Figure 11.16. ASWAT and soil pH from the soil subsamples showing commonly elevated levels with 
alkalinity. Note that all the low ASWAT scores around pH 4.5 – 5 and most of the lowest high scores (10 – 
11) are below pH 5.5. Also note the stronger association with pH than with EC. 
 
Table 11.22. Patch Type and ASWAT, showing means and SD with a decrease in ASWAT values 
(dispersibility) as vegetation increases. Means are significantly different (P=0.002) (F crit < F). 
 Bare Soil Sparse Grass Dense Grass Treed 
Mean 12.1 10.6 8.8 6.1 
SD 2.2 4.6 3.9 5.1 
 
 
11.5.4.7. Surface penetration (compaction) 
As surface compaction is typically associated with soil degradation, it was predicted that the 
surface penetration should increase at Bare Soil Patch Types, especially scalds and that 
increased surface compaction should be associated with other symptoms of degradation, 
including elevated salinity levels. 
Surface penetration (compaction) ranged from 0 to >13kg/m2, with an average across the 264 
stations of 4.56kg/m2. Maximum compaction levels usually occurred on the eroded areas of 
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scalds and often exceeded the penetrometer maximum reading (13 kg/m2 – these exceeding 
values were included in the analyses as 14kg/m2), with the A1 and sometimes A2 horizon eroded 
and/or absent. However, this was not always the case as scalds often have more aggradational, 
sandier areas where compaction is very low (< 1 kg/m2), or, penetration is very high.  Scald 
surfaces therefore exhibit the greatest variation (i.e. <1 to >13 kg/m2) and this often occurs 
across very small distances, often within less than 1 metre. Three stations exhibited this 
extreme variation, across tens of centimetres, hence attained a ‘not applicable’ reading. 
Readings across the scald/grass boundaries usually produced a large difference, from high to 
low compaction respectively, also indicating a sudden change in conditions.  
Surface penetration means and SD with Patch Type with a general trend towards less 
compacted soils as vegetation increases is shown in Table 11.23. The means between Patch 
Types are significantly different (p<0.001). Surface penetration was often close to zero beneath 
trees in the relatively undisturbed woodlands which have A0 and A1 horizons. However, variation 
within each Patch Type also occurs, highlighting that compaction can occur anywhere.  
 
Table 11.23. Results summary showing means and SD of Surface penetration (kg/m2) with Patch Types. 
The means are significantly different (p<0.001) (scores greater than 13kg/m2 were not included as all 
Patches recorded had a number of these hard surfaces, in addition to these figures being uncertain). 
 Bare Soil Sparse Grass Dense Grass Treed 
Mean 7.13 5.88 5.19 2.89 
SD 5.41 3.72 2.67 2.10 
 
 
Tables 11.8 and 11.10 show strong correlations between Surface Penetration and with many of 
the other indicators and soil subsamples associated with soil and vegetation degradation, 
including Patch Type. The regression analysis indicated that the Surface Penetration had a 
significant association with ECfac and pHfac (Table 11.9).  
 
11.5.5. Soil Nutrients 
11.5.5.1. Nitrogen 
Nitrogen (N) is a primary constituent of all living matter yet is often the most deficient element in 
crops (Strong and Mason 1999). The majority of soil N is associated with organic compounds 
including proteinaceous forms from plant, animal and microbiological residues (Strong and 
Mason 1999). These compounds are generally not available to the plant and require microbial 
decomposition and conversion into inorganic forms of N (such as nitrate-nitrogen) (Walsh and 
Beaton 1973). As N is an essential plant nutrient, any reduction in levels will likely cause 
adverse impacts. N retention is also likely to be associated with the ‘Nutrient Cycling Index’. It is 
therefore predicted that N will be a limiting factor where degradation is severe. 
The 50 soil subsamples were analysed for total N following the procedure of Rayment and 
Higginson (1992).  
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The minimum level in the top 5cm was 0 and maximum 5,790mg/kg with an average of 
660mg/kg. There were six samples that had ‘none detected’ in the top 5cm, in addition to five 
others from the deeper samples (five out of the seven). The two that were not included from 
these seven deeper samples were from soil profiles where the A1 horizon was relatively deeper 
than the other five samples. All of these samples were from soils with high EC and/or pH levels, 
but were generally not associated with the samples with zero anion levels, nor zero Na levels. It 
is also shown that the majority of samples with high levels of N are those with low EC (Figure 
11.17) and slightly acid pH levels, 4 to 6 (Figure 11.18). These soils are most common in areas 
where a thick A1 horizon (and sometimes A0) is present, such as Dense Grass and Treed Patch 
Types. The highest level of N was from a sample at Site 2 beneath a large E. melliodora (Treed 
Patch Type) with a thick A0 and A1 horizon. However, low levels of N are found at all levels of EC 
and pH. 
The Patch Type affected N levels by generally increasing as vegetation increased, as shown in 
Table 11.24, with the highest levels in Treed Patches, on average, significantly different to Bare 
Soil Patches. However, Bare Soil and the Grass Patches can also have appreciable N levels. All 
Patch Types exhibit large variation of N levels. 
A number of strong correlations were produced between N and the other variants, as shown in 
Table 11.25, however, EC and pH were not included. A number of these correlated variants are 
presented below.  
Figure 11.19 and Table 11.26 show that Total N levels increase significantly as Slake levels 
decrease (when the two lower Slake classes and two higher Slake classes are combined, giving 
just 2 classes, and then these compared), as can be expected, however, low levels of N can be 
found at all Slake levels. All high levels of N are found where Slake levels are zero (i.e. Slake 
class 4), confirming the association.   
Figure 11.20 shows that Total N levels increase when SOC levels increase, as can be expected, 
however, high levels of SOC are also found where N levels are low. It is also noted that most 
samples have both low N and SOC levels, which agrees with the generally low numbers 
attained for the LFA nutrient cycling index. Soil moisture levels also show a positive relationship, 
as shown in Figure 11.21, although the association is not strong and high moisture levels are 
also found where N levels are relatively low. 
Although Total N and exchangeable Ca produced a strong correlation, low N levels can also 
have relatively high Ca levels and relatively high N levels can have low Ca levels.  
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Figure 11.17. Soil EC levels with total N levels, showing no relationship although, a slight decline in N  
above ~600 µS/cm, although note that zero N levels can occur at all EC levels and low EC can have very 
low to high N levels. 
Figure 11.18. Soil pH levels with total N levels, showing no relationship with N levels as pH levels 
increase, although a slight decline occurs ~pH 6. The highest N levels are found between pH 4 and 6. 
Note that very low N levels are found at all pH levels. 
 
Table 11.24. Means and SD of Patch Types with total N levels, showing an increase in N levels with 
vegetation cover, the means are significantly different (p=0.038), with a greater distance between, Bare 
and Treed Patches (P<0.001). Also shown is large variation within each Patch Type, including Bare 
Patches, which can have appreciably high N levels. 
 Bare soil Sparse grass Dense grass Treed 
Mean 172.6 476.6 612.8 1258.4 
SD 362.6 503.8 533.9 1705.6 
 
 
Table 11.25. Significant correlation coefficients produced when N and P were analysed against other 
variants, showing associations with others linked to degradation. See Table 11.8 and 11.10 for 
terminology of variants. 
Variable P values 
 +<0.001 +<0.05 -<0.001 -<0.05 
N Ca-t, PO4, P, C, Moisture, 
Ca-ex 
Fe-ex, Slake, H2O2, Patch  Scald, ESP, 
ASWAT 
P PO4, Ca-ex Ca-t, C, Moisture   
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Figure 11.19. Slake and total N, measured from the soil subsamples, showing an increase in N levels as 
slaking decreases (4), or a decrease in N levels with ‘bareness’, however, low levels of N are found at all 
Slake levels. 
 
Table 11.26. Slake and total N (mg/kg), measured from the soil subsamples, with Slake classes 1 and 2, 
and classes 3 and 4 combined (due to only 2 samples for each 2 and 3 slake classes). Means are 
significantly different (P<0.01). Note the large variation of N levels for all slake levels 
 Slake 1 and 2 Slake 3 and 4 
Mean Nitrogen 46.9 845.4 
SE 17.6 195.9 
SD 66.0 1125.5 
 
 
   
Figure 11.20 Total N (mg/kg) and SOC percent measured from the soil subsamples, showing a weak 
relationship with an increase in N as SOC levels increase, however, high levels of SOC are also found 
where N levels are low. 
Figure 11.21. Total N and air dried Moisture percent measured from the soil subsamples, showing a weak 
relationship with an increase in N with increased soil moisture levels, however, high moisture levels are 
also found where N levels are relatively low. 
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11.5.5.2. Phosphorus  
The majority of unfertilised Australian soils contain small amounts of total and available 
phosphorus, except where they have developed on basalt or basalt derived alluvium (Williams 
and Raupach 1983), although, these were avoided in this research. Available phosphorus levels 
in most Australian soils are usually between 10 and 400 ppm, with some as low as 1 ppm, 
(Lindsay 1979). Most of this is immobilised in forms not readily available to plants, such as 
organically bound phosphorus and insoluble mineral phosphorus. Therefore, the quality of 
phosphorus available to plants is seldom related to the total soil reserves of this essential 
element. However, as this procedure was readily performed in the Forestry laboratory of the 
ANU, the 50 subsamples were analysed for total soil phosphorus following the procedure of 
Rayment and Higginson (1992). Analysis was achieved using a Technicon Autoanalyser II.  
Similarly to N, changes in vegetation and degradation is predicted to cause changes in P levels, 
with any reductions likely to adversely affect biota. 
The highest levels of P were from samples with low EC and neutral pH levels, where the soils 
were in a relatively less degraded state. The highest level of P was from the same sample at 
Site 2 that had the highest level of N, beneath a large E. melliodora (Treed Patch Type) with a 
thick A0 and A1 horizon, suggesting that appreciable amounts of P may be present only in those 
soils which are relatively undisturbed, which is supported by the correlation with organic C and 
total and exchangeable Ca. 
No association was identified between P and EC as shown by the correlation coefficients (Table 
11.25), although the highest P levels were found where the EC levels were low, however, 
relatively high P levels are also found at all EC levels, including the highest. 
The correlation analyses also indicated no association between P and Patch Type, which is also 
shown in Table 11.27, although, the highest P values are found in the Treed Patch Type. 
However, low P levels and relatively high P levels are also found in all Patch Types, including 
Bare Soils, with little difference between each. 
 
Table 11.27. Phosphorus and Patch Type, measured from the soil subsamples, showing no obvious 
relationship with P levels as vegetation increases although the highest levels are predominantly found in 
the more vegetated Patche Types. Means are not significantly different (P=0.47). Relatively high P levels 
are found in all Patch Types. 
 Bare soil Sparse grass Dense grass Treed 
mean 107.67 92.13 120.00 160.95 
SD 66.87 56.31 80.23 165.71 
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11.6. Discussion 
11.6.1. Landscape Function Analysis 
The first stage of the chapter addresses Hypothesis 4, ‘degraded bare areas are less functional 
than vegetated areas’, and the most degraded areas, such as scalds, are dysfunctional. All 
indicies were found to be low, stability, infiltration and especially nutrient retention and cycling. 
The hypothesis can therefore be partly rejected, in that although some Bare Soil Patches are 
functional, or show positive signs of functionality, most are not and require attention. 
The Stability Index at Dense Grassland (maximum 88%) is often just as high, or close to, that of 
Treed Patches (maximum 90%) and Sparse Grassland is also often high, reaching 86%, 
indicating the benefits of total ground cover at these sites. The relatively high scores often 
attained at Bare Soil Patches (up to 60%) are also promising, indicating that the scalds at the 
sites in this research are indeed quite stable. Barnett (2000) reported similar. It is likely that this 
also extends to other upland areas across southern Australia where similar situations occur. 
The presence of Juncus acutus at some sites is a contributing factor for increased stability, in 
which case, although they are both a weed and have no productivity value, management 
activities which retains dead plants (i.e. which have been poisoned) may be the best practice for 
the remediation outcomes. Additionally, most sites are constrained by relatively healthy 
vegetation – preventing any stability (erosion) problem. 
It could be argued that the Stability Index results are probably irrelevant at some of the sites 
chosen for the research, as in many situations most of the degradation has been constrained 
and effectively managed. The sites are also relatively small within a much larger degraded 
matrix. Species present may be exotic, however, considering the prior disturbance regimes, 
exotic species are expected, and in the case of these degraded bare areas, are considered to 
be beneficial to the overall ecosystem stability, rather than detrimental. The presence of exotic 
species in these situations is considered to be coherent with the functional processes of primary 
succession.  
The infiltration Index at sites with Bare Soil Patches is usually low. The progression with 
improved infiltration as vegetation increases, or, from Bare Soil to Sparse to Dense Grassland 
to Treed Patches is evident although this is spatially highly variable. The Infiltration Index 
difference between Dense Grasslands and Trees was often not great, indicating that in many 
cases, Dense Grassland without trees, as occurs naturally in these grassy woodlands, is 
similarly beneficial.  The main point is the large difference between the infiltration index of Bare 
Soils and that of Trees and Dense Grasslands. A number of factors are likely responsible for 
this, including degraded A0/A1 horizons which are often removed or gone at Bare Soil Patches; 
a lack of SOM and SOC, compaction (including surface crusts and hardsetting), increased 
dispersibility and slaking and increased overland flow and runoff. In addition to the soil 
degradation, vegetation degradation is also a consideration. The result may therefore concur 
with the conclusion that trees act as ecosystem wicks as reported by Freudenberger and 
Eldridge (2005), however, Dense Grassland can also be included.  
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Interestingly, the reduced infiltration rates indicated by the LFA indicators supports a landscape 
model where infiltration rates are actually reduced following soil and vegetation degradation 
rather than increasing as the rising groundwater model stipulates. It should be noted however, 
that the Infiltration Index beneath Trees and Dense Grassland is not always high, with Trees as 
low as 40% and Dense Grassland 35%, suggesting that considerable degradation is still 
apparent. This was also shown in Chapter 7, although poor infiltration rates may sometimes be 
due to fungi and hydrophobicity. 
Unlike the Stability and Infiltration Indexes, which are both relatively high at degraded areas with 
and without elevated salinity levels, the Nutrient Cycling and Retention Index is low to extremely 
low at many sites. This can be attributed to the lack of vegetative material associated with the 
soil and vegetation degradation, resulting with a lack of litter production, organic matter, SOC 
and nutrients. The Nutrient Cycling Index of just 11 - 23% for Bare Soils indicates that this factor 
requires urgent consideration for management activities. This can be correlated with the lack of 
soil organic matter at these areas, as shown by the H2O2 tests. Indeed, the same can be said 
for the more vegetated Patch types, with low scores attained at Trees (36 - 61%) and Dense 
Grassland (28 - 58%). Therefore, approximately 80 – 90% of nutrients are lost where there are 
bare soils, and approximately 40 - 65% of nutrients lost from the system beneath trees, which 
may be expected to be the most nutrient retentive areas. This indicates a substantial effort is 
required to retain water and nutrients on site to improve these figures.  
Also interestingly, the minimum Nutrient Cycling Index score attained was that from Site 1, T1 
(11%), the same transect which also produced the maximum number of faunal taxa found from 
all sites (although the low nutrient index score is due to the scalds along the transect and the 
high number of taxa is consequent to the relatively non degraded grassy woodland at the lower 
end of the transect). However, at this scale, this raises the question, if nutrient cycling is not 
associated with fauna taxa number (i.e. alpha biodiversity), it suggests that the increased 
number of taxa may be due to factors other than in situ nutrient availability. The relationship 
between N and the Nutrient Cycling Index also suggests this. 
A threshold may exist at approximately 2000 µS/cm EC(1:5) levels, for all indexes. This level is 
likely to be associated with elevated levels of degradation, hence other symptoms may also be 
severe, which will have an impact on biota, both below and above the surface. 
These indexes suggest that, bare and degraded landscapes with elevated salinity levels may 
very well be functional, although less functional, or of reduced functionality, as compared to the 
grassy woodlands and treed areas. This concurs with the conclusions of Barnett (2000).  
 
11.6.2. LFA indicators 
Many of the LFA indicators proved to be most useful for this research as they focus on the soil 
surface attributes at the appropriate scale (Levin 1992) applicable for investigating soil 
evaporation processes associated with soil and vegetation degradation. These indicators 
showed strong associations with the other biotic and abiotic indicators and would likely be 
beneficial for the incorporation into monitoring and evaluation techniques. Indeed, a number of 
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the LFA indicators formed the basis for the Soil Evaporation Potential Index, which is discussed 
in Chapter 12. 
Therefore the LFA surveys show that habitat complexity is usually reduced at degraded sites 
with or without elevated salinity levels (with Bare Soils and/or often Sparse Grassland) and a 
strong difference exists in soil surface properties, between Patch Types or areas that are 
considered more generally favourable for habitat and ecosystem functioning, such as Trees and 
Dense Grassland, than (Inter) Patches, the Sparse Grassland and Bare Soil. However, as the 
Patch results indicate, this is not always the case. 
 
11.6.2.1. Rainsplash Protection and Perennial Vegetation 
The strong association with Rainsplash Protection (RP) and Perennial Vegetation (PV) with 
many of the other indicators, both biotic and abiotic, indicates the importance of these two 
parameters in these systems. The stronger association between EC with RP than PV suggests 
that the soil protection, or cover, may be more important than vegetation cover for elevated 
salinity levels. The logical cause/effect scenario is that reduced RP and PV causes increased 
evaporation rates, hence evaporite deposition, hence elevated salinity levels. The same process 
occurs with Litter. The fact that all elevated EC levels are not associated with decreased PV 
supports this, in addition to identifying that EC is not the cause of general plant mortality. 
The strong inverse relationship with ECa and these two indicators, as reported in Chapter 6, 
points to the predominant influences being surficial, consequent to a top down process 
degrading the soil and vegetation. 
The link between elevated salinity levels (and soil degradation) and vegetation degradation is 
apparent, although not all bare patches have elevated salinity levels, as discussed in Chapter 5, 
hence it follows that the elevated salinity levels are consequent to the degradation, rather than 
vice versa. No evidence was identified that supports the rising groundwater model. 
An improvement for the PV indicator would most likely be including annuals, combining PV and 
AV (annual vegetation), due to the likely advantages of annuals for site remediation across 
these uplands. 
 
11.6.2.2. Litter  
Ideally, all litter input to the system should be retained and decomposed, however, wind and 
water in particular, as indicated by the Runoff results presented in Chapter 7, prevent this from 
occurring. Most of the litter inspected was relatively non-decomposed, although this may have 
been a function of the time of the survey (i.e. season). Litter deposition and decomposition are 
both seasonal (temporal) and spatially heterogeneous and can be derived from fallen timber, 
bark, overstorey canopy and understorey foliage (Birk 1979). A characteristic of Australian 
forests, the accumulation of eucalypt ‘gum nuts’ can also contribute to the litter and often remain 
after leaves and bark have been blown away, due to their mass. Accumulation of understorey 
litter can also contribute to the spatial heterogeneity of forest and woodland floors with litter 
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accumulation around individual shrubs and trees, creating variation in soil chemical and 
microbiological properties (Zinke 1962; Charley and West 1975). Spatial and temporal patterns 
in substrate distribution and availability are therefore also a consequence which complicates the 
measurement of decomposition rates on an areal basis (Richards 1987). This variability must 
therefore be considered when investigating levels of soil microbial activity and respiration rates, 
as well as other endaphic and epigaic fauna.  
The strong correlation between EC and Litter indicates that where litter has the opportunity to 
accumulate, which is generally beneath trees and shrubs and dense perennial tussock grasses, 
the salinity levels in the surface soil, which should be associated with the soil surface 
‘evaporation potential’, are generally reduced. This should therefore be a paramount 
consideration for remediation activities. Increasing the amount of litter has a number of benefits, 
including increasing biological activity and reducing evaporation rates, hence influencing salinity 
levels. Satchell (1974) discussed the importance of litter fragmentation (comminution) and its 
affect on the topography and stability of the litter layer by arthropods. This is also likely to be an 
important consideration in these degraded landscapes. Freshly fallen litter is generally only 
moist for short periods after rain during the warmer months because of its looseness and 
consequent rapid drying, whereas upon fragmentation the litter becomes more closely 
appressed to the soil surface, effectively creating a zone where the humidity is higher and more 
stable (and the temperature during hotter months is lower); a more favourable environment for 
invertebrate habitat. Indeed, Richards (1987) suggests that the increase in water retention and 
holding capacity and decrease in evaporation brought about by the flattening of the litter layer 
may prove to be a more important outcome of litter fragmentation by invertebrates than the 
greater surface area it provides for microbial colonization.  
It is therefore obvious that the addition of litter and the activities of soil surface and litter fauna in 
these landscapes are crucial for this important process to operate optimally. It is also interesting 
to note that Meentemeyer (1978) found the annual litter decomposition rate to be strongly 
correlated with the actual evapotranspiration (AET), probably because the AET is a measure of 
the energy and moisture concurrently available for decomposition processes in the litter layer. 
 
11.6.2.3. Slake, ASWAT and dispersibility 
Mullins (1998) indicated that slaking and dispersion have been used to describe the same 
physical process, structural breakdown, hence distinguishing the difference between ‘slaking’ 
and ‘dispersing’ is briefly outlined. Dispersion of soils is the process where individual clay 
particles spontaneously separate from the soil during wetting, and slaking is the process where 
fragmentation occurs when aggregates are suddenly immersed in, or placed in contact with 
water (Mullins 1998). Or, slaking is a physical process, from air expansion, whilst dispersion is a 
chemical one, usually from sodium ions. Major factors that affect slaking rates include the rate 
of wetting, the concentration of soil organic matter, hence the strong correlations yielded with 
SOC and SOM (H2O2) in this research, and clay mineralogy (Chan and Mullins 1994). The 
effects include reduced hydraulic conductivity resulting in compaction, with crusting and 
hardsetting, reduced infiltration, and the rate of water redistribution from the surface soil, 
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temporary surface waterlogging and, reduced groundwater recharge (Mullins et al. 1990; So 
and Cook 1993; So and Woodhead 1987).  
Increased waterlogging due to slaking and soil structure decline effectively provides more water 
to evaporate, hence, deposition of evaporites, leading to increased salinity levels and 
compounding, ongoing problems. The adverse impacts to biota from increased soil slake and 
dispersibility are therefore imperative. Dry soil undergoes more slaking than wet soil (Le 
Bissonais et al. 1989), as shown from the strong correlation with Moisture, and soils with a fine 
texture (high clay percent) are more likely to form a permanent, or more resistive (impermeable) 
surface crust after drying than do coarse textured (sandy) soils (Hardy et al. 1983). The strong 
association between Slake and SOM (SOC, H2O2 and Patch) and EC, Scald, pH, SAR and ESP 
and many of the evaporite ions (i.e. Na-t, Cl, Br, NO3, SO4, Na-ex) confirm the importance of 
this indicator for management monitoring activities in these landscapes, where reducing the soil 
slakeness is a paramount consideration.  
Dispersibility is also related to the amount of sodium and calcium in the soil, or lack thereof, as 
shown with the strong correlations between both Slake and ASWAT and Ca, such that it is 
sensitive to the exchangeable sodium percentage (ESP), and to the total electrolyte 
concentration of the soil solution (Mullins et al. 1990; Rengasamy et al. 1984; 1993; Rengasamy 
and Olsson 1991), although this is not constant but varies with the soil type (Chan and Mullins 
1994; Rengasamy et al. 1984). The A2 and B horizons are naturally sodic (i.e. high ESP) in 
these landscapes (Gunn 1985; van Dijk 1969; Wagner 1986, 2001) and if exposed, are highly 
dispersible and erodible, as was shown by the consistently high ASWAT (dispersibility) scores. 
The erosion can be severe, such as that which occurs at numerous locations across the study 
region (Figure 3.3), and at Site 7 (gullying and tunneling).  
Although slaking and dispersibility are often associated, there are occasions when highly 
dispersing samples are not associated with Slake, although most of the highly slaking samples 
were associated with relatively high dispersing rates. Rengasamy et al. (1984) and Young and 
Mullins (1991) have shown that many hardsetting soils that undergo little or no dispersion and 
are also not sodic, do often slake on wetting. This therefore indicates that the ASWAT tests 
provide additional information as to the characteristics of the soil physical and chemical 
properties to the Slake tests.  
Erosion from soil and vegetation degradation is common across the Southern Tablelands of 
NSW (Logan 1958; Wagner 2001); once the sodic and saline subsoil clays with low SOM levels 
are exposed from the surficial degradation, structure is lost as individual clay particles repel 
each other and disperse (deflocculate) (Szabolcs 1989). The soil Slake and ASWAT tests at 
scalds concur with this feature. In the sub-soils, the dispersing clay particles fill pores between 
soil particles and form poorly drained, often impermeable, layers. This results in subsoils losing 
their ability to drain effectively and they become more susceptible to waterlogging and erosion 
(Szabolcs 1989). A consequence is a reduction in SOM, microbial activity and fertility.  
It is also essential to consider that the effects of slaking and dispersibility on the structural 
stability of the soil influence the physical fertility, or soil “health”, in which plants grow. These 
physical growth requirements include the storage and supply of soil water, and provision of 
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sufficient readily available nutrients and oxygen (Hamblin 1985; Passioura 1991), critical for 
optimal growth and persistence (and productivity).   
The association with ASWAT, pH and ESP indicates that the strongly alkaline soils are highly 
dispersible, therefore, as the pH increases down the profile as often occurs in these soils, 
particularly with the degraded soils at scalds, removing the A1 horizon and SOC, thereby 
creating a scalded surface, is a prerequisite for increased erosion. Moreover, the obvious 
association with ESP (increased sodicity) confirms this, particularly due to the increased sodicity 
of the A2 and B horizons (Gunn and Richardson 1979; Melis and Acworth 2001). This is also 
confirmed from the strong negative correlation with organic C and Ca-ex, in addition to N and 
SOM (H2O2). It is therefore concluded that exposed dispersible soils, often lacking the A1 
horizon, low in organic matter with increased exposure to erosion and surface evaporation, is an 
important issue associated with land degradation in these landscapes. 
The stronger association between ASWAT and pH, than with EC, suggests that changes in pH 
may have a greater effect on the dispersibility than changes in the EC levels, with most high 
dispersibility levels associated with high pH, but not necessarily high EC levels. This may be 
due to the presence of K+ ions, instead of Na. Interesting to note are the high ASWAT levels at 
low EC levels, indicating other factors are responsible for the high dispersion levels. It can also 
be seen that pH levels  less than 8 are needed to maintain dispersibility to a minimum. 
 
11.6.2.4. Surface compaction 
The correlations with Surface and the other indicators were not as strong expected due to the 
extreme spatial variability. Although, some surfaces were sandy and non-compacted, this was 
always thinly overlaying a more compacted layer at shallow depth hence, the compacted 
conditions were usually present within a few centimeters from the surface. The sandy 
aggregated areas appear to be dependent on the grazing regime. 
The association with organic C and a less compacted soil surface is likely evidence that due to 
the compaction, there is less opportunity for organic material to be incorporated into the soil 
surface.  
Because sodicity leads to structural instability, many sodic soils are hardsetting (Mullins 1998), 
which is also associated with increased slaking and dispersibility, however, all hardsetting is not 
due to sodicity. Mullins et al. (1990) and Mullins (1998) describe how a reduction in SOM can 
induce hardsetting, confirming the importance of SOM in these soils. 
The increased soil surface compaction associated with this hardsetting predominant on 
degraded soils, particularly induced by stock and vehicular traffic, is likely to create serious 
problems for subsurface (micro and macro) biota, in addition to the soil physical problems 
incurred. These include a decrease in permeability and water infiltration, increasing runoff rates 
and surface water velocities and consequently, higher flow shear stress and higher flow 
transport capacity, causing erosion (Luk et al. 1993; Poesen 1984; Poesen and Govers 1986). 
Many examples can be found across the Southern Tablelands (see Dicks Creek – Chapter 2). 
Opportunities for seedling recruitment (emergence and establishment) are also reduced from 
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hardsetting (Weaich et al. 1992 and Townsend et al. 1996) as to with root growth (Masle and 
Passioura (1987). 
11.6.2.5. Nitrogen 
Low levels of N will be a major limiting factor for plants establishment and persistence, including 
chlorophyll production, proteins (seed production) and photosynthesis (Strong and Mason 1999; 
Mason 1998). It is therefore required in relatively large amounts. However, N levels are zero in 
more than 20% of the samples, which is linked to other symptoms of degradation, such as low 
soil organic matter levels, increased soil slaking and compaction (i.e. decreasing aeration), as 
described by Mason and Rowland (1992). The samples with higher N values were those from 
relatively less degraded conditions, those with relatively thick A1 and A0 horizons found in Dense 
Grass and Treed Patch Types. The association with the LFA Nutrient Cycling Index, although 
not strong, still indicates that N is a key player in the nutrient regime of these grassy woodlands. 
It is therefore apparent that N levels are associated with degradation. For perennial pastures 
and mature treed woodlands most (up to 98%) of the plants N requirement may be derived from 
organic material such as litter and leaf fall, hence the strong positive correlations with Patch, 
SOM, C and Ca and negative correlations with Scald, ASWAT and ESP. Planting legumes such 
as Acacias and/or supplying organic matter to assist N production is therefore recommended. 
The strong correlation with soil moisture implies that N is more abundant when the soils have a 
higher air dried moisture percentage, which is associated with SOM, which also concurs with 
the known preference of plants to uptake N in moister soils (Mason 1998). Olson (1984) also 
showed that adequate moisture is essential for effective crop uptake of N. 
 
11.6.2.6. Phosphorus 
High phosphorus (P) levels are associated with Densely Grassed and Treed woodlands with 
relatively thick A1 and A0 horizons, hence the strong correlations with Ca2+ and Organic C, 
however, the relatively high levels in all Patch Types and at high EC levels indicates that P does 
not appear to be impacted by degradation. Low P levels are a feature of the regions soils that 
are not associated with basalts and alluvium (Moody and Bolland 1999), hence the endemic 
vegetation is expected to be adapted to the low levels.  
Results suggest that P levels appear to be a relatively unimportant factor at these sites. 
Although only four samples produced a reading for PO4, correlations with Ca2+, N, P, and SOC 
may suggest that its presence is also associated with relatively non-degraded soils. 
 
11.6.2.7. Other nutrients 
It is acknowledged that a number of other important micronutrients were not investigated in this 
research, including zinc, manganese, molybdenum, copper, sulphur, cobalt and nickel, in 
addition to hydrogen per se. It is likely that these elements are also impacted by soil and 
vegetation degradation processes, hence compounding the existing problems for the vegetation, 
as described by Bolland (1998). This is certainly the case for those soils that are affected by 
extreme pH levels. Further research should therefore investigate these parameters. 
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11.7. Summary 
The Landscape Function Analysis provided important information allowing site quantification of 
both biotic and abiotic parameters, in addition to determining landscape functionality. Results 
indicate that Bare Soil Patches, especially scalds, are generally dysfunctional. Stability Index 
showed <45% at Bare Soil Patches, the vegetated Patches 70 – 83%, which is considered 
stable. Levels with (78%) and without SOM (49%) were significantly different. Infiltration and 
Runoff Index had low scores of 26% at Bare Soil Patch Types and 40 – 55% at the vegetated 
Patches. The levels with SOM (48%) and without SOM (30%) were significantly different. The 
nutrient cycling and retention scores were very low at Bare Soil Patches, with just 16%, and 32 
– 48% at the vegetated patches, all scores indicating dysfunctionality. All of the indexes showed 
strong association with Patch Type and all showed a possible threshold of increased 
dysfunctionality in soils above 2000 µS/cm. Although the stability and sometimes infiltration 
scores show some functionality at some degraded sites, the very low nutrient cycling and 
retention scores across all Patch Types, but especially the Bare Soil Patches, highlight the 
importance of this Index and the urgency to address. The commonly low to zero levels of 
nitrogen, especially found at scalds, concur with low nutrient cycling scores.  
One of the reasons that SOM and nutrients are so low is likely due to the low amounts of litter, 
often being absent. When present, it is generally in very low amounts, effectively providing zero 
levels of nutrient input. The EC levels increase as Litter amounts decrease, likely associated 
with increased surface evaporation. Respiration levels also incease as Litter amounts increase. 
Litter was strongly associated with Patch Type and is an important consideration for remediation 
activities. This includes addressing commonly low to zero N levels. Therefore, Hypothesis 4 
cannot be rejected, that Bare Soils and scalds are dysfunctional, as in many cases they are and 
require remediation.  
A number of the LFA biotic and abiotic indicators also provided important results regarding the 
affects to biota, in addition to process and mechanisms. These were soil surface slaking and 
compaction (or penetration), and the biotic indicators, Rainsplash Protection, Perennial 
Vegetation coverage and Litter amount. Rainsplash protection showed a strong association with 
EC levels. All slaking soils were found at scalds, and this was found to change when moving 
across scald boundaries. Slake was associated with many of the other indicators, including 
cations (e.g. Na increases and Ca and Fe decrease as slaking increases) and anions 
(particularly Cl and Br). 
This therefore provided further evidence of a degradation cause and a ‘top down’ process 
associated with increased soil surface evaporation rates and modified surface hydrology, 
causing evaporites to accumulate generally at exposed, usually low areas of the landscape. In 
addition, quantification of salinity levels and vegetation provided further evidence that biota, or 
native perennials at least, tolerate elevated salinity levels and the other adverse symptoms 
associated with degradation.   
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CHAPTER 12.  
GENERAL DISCUSSION 
12.1. Introduction 
The discussion chapter is divided into sections, firstly addressing Questions and Hypotheses 1 
and 2 (causation - soil degradation surface processes and evaporation), ways to measure and 
monitor the degradation, namely the soil evaporation potential, and a predominant cause of the 
degradation, stock grazing. Question 5 (best model and mapping method) and Hypotheses 1 
and 2 are then further addressed with an updated dryland salinity conceptual causation model 
presented that accounts for the predominant surficial processes. Questions 4, 5 and 6 (endemic 
flora and conceptual model and management activities) and Hypotheses 5 and 6 (management 
practices) are covered, with a list of strategic management practices conceived to address, or 
reverse these processes. A discussion on salinity mapping methods (Question 6) for upland 
landscapes, and finally, the likely effects of climate change on dryland salinity is presented, as 
this will have consequences for productivity and management. The chapter concludes with a 
number of suggested priorities for future research. 
 
12.2. Soil Degradation and dryland salinity 
Soil degradation is common across the Southern Tablelands of NSW and has been recognized 
as a land management issue for many years (e.g. Wagner 1957, 1987, 2001, 2005; Eyles 
1977a,b; Starr 1989; Bullock and Neil 1990; Neil and Yu 1991; Prosser 1991; Prosser et al. 
1994). Causes are generally attributed to many years of cumulated (compounded) 
unsustainable land management practices, historical and present. Consequences can be 
severe (e.g. Figure 3.3, Dick’s Creek). 
As stated in Chapter 2, soil degradation can be considered as an alteration of the soils physical, 
chemical, hydrological and biological properties, which from an agricultural point of view, results 
in a reduction or loss of productivity (Gabriels et al. 1998) and from an environmental 
conservation point of view, a reduction in ecosystem resilience and stability (Odum 1993; 
Tongway and HIndley 2005). This research demonstrates that many of the changes in the 
attributes tested are associated with soil and vegetation degradation, and are therefore 
considered as symptoms of the degradation. 
Keith (2002) points out that in all natural systems, individual attributes that are not influenced, 
compounded and/or confounded by multiple synergistic factors are unlikely to exist. An 
independent evaluation of the influence of any single factor, or attribute, is therefore problematic. 
It is shown in the results chapters however, that complex inter-relationships exist, 
consequences from responses to the historical and present land management practices. These 
responses are summarised in Table 12.1. 
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Table 12.1. A summary from the seven results chapters of the symptoms of soil and vegetation 
degradation. 
chapter Change summary Symptoms of degradation 
5 Soil chemical 
changes – EC, 
pH, cations, 
anions, ESP, 
SAR; and links to 
degradation 
 
EC shows extreme spatial and temporal variability, Lateral variation linked 
to Patch Type, vertical variation linked to surface evaporation and clay B 
horizon. Spatial variation linked to Patch Type and surface evaporation with 
elevated EC levels rare from Dense Grass and Trees. About 1/3 of all Bare 
Patches have low or negligible salinity levels, many are scalds. 
 
pH levels can be extremely alkaline, hence toxic. The pH also shows similar 
vertical and lateral variation and is associated to Patch Types, hence 
vegetation, where Bare Patches are on average, more alkaline than the 
vegetated Patches. The associations between other indicators are often 
closer with pH than EC, including ESP and SAR. 
 
Significant changes to cation and anion levels as degradation increases, or 
vegetation decreases, including toxicities (i.e. Na, K, Cl, Br) and 
deficiencies (Ca, Fe). Therefore, ESP and SAR also changes. Similar 
spatial variation as EC and pH, also linked to Patch Type and ‘bareness’.  
6 Soil chemical, 
hydrological, 
physical and 
biotic? changes, 
and links to 
degradation. 
 
Strong associations with many other abiotic and biotic indicators, especially 
the shallower dipoles. 
 
Extreme spatial and vertical variation shown at all depths, from both 
instruments, especially using the shallow readings. This includes moving 
from Bare Patches, or scalds, to vegetated Patches. 
 
Significant differences in ECa between and within Patch Types, although 
many Bare Soil Patches and scalds have low ECa levels and Dense Grass 
and Treed Patches can have high ECa levels. 
Bare Soil Patches and scalds with high surface ECa (H dipole) rarely have 
similar levels at depth. 
 
An inverse relationship between ECa depth and many indicators, including 
EC, Scald, PV, etc, indicates a surface response, caused by degradation. 
EM31 vertical dipole is not associated to EC levels for both seasons, 
indicating deeper parameters, including groundwater, are irrelevant. 
 
The main change in the profile between seasons is within the surface 1m, 
or above the B horizon, from surface water flows 
7 Soil hydrological 
changes, and 
links to 
degradation 
 
Overland flow is ubiquitous across the landscape and considerable 
following storms. 
Lateral changes include soil moisture, infiltration and subsurface flows. This 
also includes spatial and temporal changes to subsurface water EC levels. 
The predominant water flow occurs as interflow above the B horizon, which 
is also variable and responds rapidly to rainfall events. 
Soil moisture is strongly associated with other important indicators linked to 
degradation. 
Bare Soil Patches generally have lower soil moisture levels than well 
vegetated areas. 
8 Soil surface 
macro biota 
changes, and 
possible links to 
degradation 
Little or no changes with elevated EC levels, however, taxa composition 
may change to suit degraded conditions, such as predominance of 
predators (ants and spiders). Other factors or symptoms associated with the 
degradation appear to be more important for presence and persistence than 
EC per se. 
9 Floral links to No changes were identified with the flora however, other evidence 
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degradation concurring with a surface degradation cause includes; abrupt 
scald/vegetation boundaries, healthy grasses and trees growing adjacent 
to, between, within and downslope from scalds with elevated salinity levels. 
A variety of grass and tree species were identified showing salinity 
tolerance. 
10 Soil surface bulk 
respiration, 
microbe, SOM 
and SOC% 
changes, and 
links to 
degradation 
 
No relationship between EC and soil respiration (CO2), although the highest 
respiration levels are found where EC levels are low. Importantly, low 
respiration levels are found at all EC levels indicating other factors are more 
important. Soil respiration is associated with many other indicators and is 
highly variable across the landscape 
 
Respiration is associated with Patch Type, or bareness, with the lowest 
rates at Bare Soil Patches, especially scalds. Scalds and non-scalds show 
a large difference between respiration rates. All Patches exhibit variability, 
including scalds. Low respiration rates are associated with alkaline pH 
levels. Respiration is strongly associated with SOM, with low rates where 
SOM is absent. Fungi and bacteria are generally in lower levels at scalds 
then non-scalds. 
 
SOM is associated with many indicators also considered symptoms of the 
degradation. The EC levels are ~6 times higher with SOM present than 
absent. SOM is associated with Patch Type, such that Bare Soil Patches 
have low or zero amounts of SOM. SOM is associated with shallow ECa. 
Scalds have low amounts of SOM and SOC and show a close association. 
 
SOC and EC show no relationship however, high SOC levels are found 
where EC levels are low, and low SOC levels where EC levels are high. 
Low SOC levels are found at all EC levels. SOC levels are low at pH >6. 
Close association between SOC % and Soil Moisture %. 
Low respiration rates at high EC levels are therefore due to low SOM and 
SOC amounts, which is a consequence of the soil and vegetation 
degradation. 
11 Soil and site 
functionality – 
Stability, 
Infiltration and 
Nutrients, biotic, 
physical, 
chemical and 
hydrological 
changes, and 
links to 
degradation. 
 
The Stability, Infiltration and Nutrient Cycling and Retention Indexes are all 
associated with Patch Type. All vegetated Patches are on average stable, 
whilst Bare Soil Patches have low stability, infiltration and extremely low 
nutrient retention and cycling (all <50%). All three Indexes show no 
relationship with EC levels however, Index levels generally decrease 
>2000µS/cm. Low Index levels can be found at all EC levels indicating 
factors other than EC are responsible for the effects. All Indexes show a 
significant difference between areas with and without SOM. The Nutrient 
Cycling Index for Bare Soil is on average, only 16%, despite many Bare Soil 
Patches having low EC levels. 
 
LFA biotic indicators, Rainsplash Protection, Perennial Vegetation and Litter 
are strongly associated with many important abiotic and biotic indicators. All 
are associated with EC, however all can have low levels at all EC levels, 
and low EC levels in all classes from each indicator. This indicates that EC 
is not the main cause of the effect. It suggests that EC and the LFA 
indicators are symptoms of the degradation, which has initially reduced the 
amount of rainsplash protection, perennial vegetation and litter, including 
SOM, allowing increased surface evaporation rates, hence evaporites to 
accumulate. 
 
Slake is significantly different between Patch Types, with all high slaking 
scores (1) coming from scalds and all Treed and most Grass Patches 
receiving zero slaking scores (4). Slaking is associated with elevated 
321 
salinity levels however, not all slaking soils have elevated salinity levels and 
all have large variation in EC levels, indicating that EC is not the cause of 
the slaking. Slaking generally increases with alkalinity although this is also 
variable and non-slaking can also be associated with alkalinity. Slake is also 
associated with a change in cation and anion levels, such as increased Na, 
Br and Cl with reduced Ca and Fe, SOM, SOC, soil moisture and soil 
respiration. A stronger correlation between Scald and Slake (R = 0.64) than 
EC and Slake (R = 0.38) suggests that a bare scald surface causes 
elevated slaking more so than EC does hence, the EC is a symptom of the 
scald, similarly to elevated slaking. 
 
The ASWAT has a stronger association with pH than with EC and is 
associated with Patch Type, generally decreasing as vegetation increases.  
 
Surface penetration showed no relationship with EC levels but did with 
Patch Type, generally decreasing as vegetation increases. 
 
Total nitrogen levels are associated with Patch Type, with Bare Soil 
Patches having significantly less than Trees and Dense Grass Patches. 
However, N levels are not associated with EC levels, although the highest N 
levels are found where EC levels are low. Low N levels are found at all EC 
levels. 
 
The soils found in the more degraded areas, especially those at scalds, are commonly very low 
in soil organic material, often with less than 1% organic carbon, sometimes zero nitrogen levels 
and are often deficient in calcium, also with zero levels, and sometimes magnesium, iron and 
potassium. A deficiency of any one of the essential macro-nutrients, or of any of the micro-
nutrients, can impact plants, including reducing the mass of the roots and shoots produced 
during its growth to maturity (Szabolcs 1989). When combined with other soil physical impeding 
factors, such as increased compaction and reduced permeability, reduced aeration, periodic 
waterlogging (and associated anaerobic conditions) and dispersibility and other chemical factors 
such as toxicities (i.e. pH, sodium and chlorine), and other deficiencies, plant survival is 
obviously going to be impacted. Dieback is a consequence. 
In addition to the multifaceted effects of soil degradation, as shown in Tables 12.1 and 12.2, the 
reduced capacity of the soil to resist further degradation must also be considered, especially on 
scalds. This partly arises from a lack of soil organic matter and beneficial micro-organisms 
(Richards 1987). 
It should also be noted that all evidence indicates that degradation is a prerequisite to scalded 
areas, and not vice versa, despite the sodic and/or saline soils being primary in nature. This 
degradation is associated with soil structure decline, compactness and loss of soil organic 
matter and soil organic carbon, and destruction and/or removal of the A1 horizon, often exposing 
the sodic/saline A2 horizon, which logically occurs prior to the elevated salinity levels 
consequent to increased evaporation. The elevated salinity levels are not the cause, they are a 
symptom of the soil degradation and generally require certain requisite conditions prior to the 
increased surface evaporation and subsequent evaporite deposition proceeding. In some cases, 
sites that appear to be degraded and salinised, in areas where salinity is presumed to be a 
problem, often have low or negligible salinity levels. This indicates that degraded sites that 
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appear to be scalds, or appear to have elevated salinity levels, can indeed have low salinity 
levels, hence salinity levels are not the cause of the degradation. Elevated salinity levels are a 
symptom of the degradation. 
Stock grazing has also been identified as being the cause of elevated soil salinity problems, by 
degrading both the vegetation and the soil (Hughes 1983; Chaneton and Lavado 1996; 
Szabolcs 1998; Wagner 2001, 2005; Bann and Field 2006a,c, 2007; Meadows 2008). The 
effects of stock grazing on dryland soil structure and health has been recognized for many years 
(Schlesinger et al. 1990; Milchunas and Lauenroth 1993). As stock grazing is the predominant 
agricultural activity across the tablelands and is considered to be a main cause of degradation, 
possibly the main cause, the mechanisms by which it impacts is discussed further below. As it is 
evaporation which emplaces the evaporites, and therefore salinity levels to increase, this is also 
discussed. 
To summarise, all evidence indicates that the crux of the dryland salinity problem on the 
Southern Tablelands of NSW is not the salinity per se, but cumulative unsustainable 
management practices that have caused considerable and widespread soil and vegetation 
degradation, severely adversely changing the soil physical, chemical, hydrological and 
biological attributes. Elevated salinity levels are a symptom of the degradation, not the cause. 
 
Table 12.2. A summary of the changes in soil properties with comparison of factors associated with 
degraded soils, such as occurs at scalds, and relatively non-degraded soils, such as those often beneath 
dense grasses and trees. EM31H is horizontal mode (3m depth).  
Factor Degraded soils Non-degraded soils 
A0 horizon (litter) rarely present often present 
A1 horizon often exposed, sometimes gone usually present; but often thin 
Compaction (Surface) usually compacted less compacted 
Slake usually high slaking levels low or zero slake 
Dispersibility (ASWAT) highly dispersible Low or zero dispersibility 
SOM low to zero levels low to high levels 
SOC low to zero levels low to high levels 
total nitrogen (N) low to zero levels low to high levels 
pH (surface soil) acidic to extremely alkaline acidic to neutral 
EC(1:5) (surface soil) very low to extreme very low to rarely high 
ECa (EM38 and EM31H) low to very high low to high (rarely very high) 
sodium often high low (zero) to rarely high 
calcium usually low (often zero)  low to high 
magnesium low (zero) to high low to high 
iron generally low (often zero) low to high 
chlorine often high usually low 
bromine often high usually low 
nitrate low (zero) to high usually low (zero) 
sulphate usually high usually low (zero) 
ground cover (grasses) low biomass (often zero) low to high biomass 
Stability Index Low to medium Medium to high 
Infiltration Index Low to medium Low to medium 
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Nutrient Cycling  Very low to low Low to medium 
Total Nitrogen Zero to low Zero to high 
 
12.3. Soil Evaporation Potential – measuring and monitoring degradation and salinity 
It has long been known that the predominant mechanism causing salt accumulation in 
agricultural soils is evapotranspiration (Downes 1961; Repp 1961; Szabolcs 1987, 1998; 
Wagner 2001, 2005; Corwin and Lesch 2003). It has also long been known that dryland salinity 
usually forms where evaporation rates are higher than precipitation, hence, increased salinity 
levels which accumulate at the soil surface, often within the top few centimeters, especially at 
scalds, are due to evaporative processes (Penman 1948; Downes 1961; Repp 1961; Bhumbla 
and Abrol 1978; Szabolcs 1987, 1998; Maas 1993; Walker 1995; Semple et al. 1996, 2006; 
NLWRA 2000; Barnett 2000; Wagner 2001; Rosicky et al. 2006; Meadows 2008). This effect 
was demonstrated with many of the measurements, as listed in Tables 12.1 and 12.2. Where 
surface evaporation rates are likely to be high, such as bare areas and scalds, the salinity levels 
are usually highest at the surface. Evaporation rates moving from a scald to vegetation will 
therefore reflect the change in surface conditions. Rosicky et al. (2006) note that this also 
occurs where shallow watertables (above the B horizon) and moist soil conditions beneath the 
vegetated sites adjacent to the scalds, highlighting the effect of the increased evaporation that is 
occurring at the scald surfaces. Meadows (2008) also demonstrated that compaction of the soil 
surface from stock grazing elevated surface salinity levels due to decreasing the hydraulic 
conductivity and increasing the surface evaporation rates from seasonally waterlogged soils. 
Similarly to these sites, groundwater was not involved.  
Evaporation from bare soil involves complex soil factors in addition to requisite atmospheric 
conditions. Evapotranspiration from plants is also an important factor which can concentrate 
salts within the soil profile, however, it is not the primary mechanism for concentrations to 
become harmful levels at, or just beneath, the soil surface (Penman 1948). There are two 
important requirements that must be met to allow continued evaporation; a supply of energy to 
provide the latent heat of vaporization and; some mechanism for removing the vapor (i.e. a 
vapor sink) (Penman 1948). Both peak during the warmer summer months.  
A summary of the factors affecting the evaporation potential of a patch of soil is shown in Table 
12.3. The important parameters for surface soil evaporation potential monitoring activities are 
first two points. Points 3 – 8 are independent and relatively ‘constant’, while point 9 is complex 
and difficult to measure and occurs from different depths within the soil profile. It also indicates 
that if applicable indicators can be developed to address the first two points, then the technique 
should apply universally. 
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Table 12.3. Factors affecting the soil evaporation potential in grassy woodlands (from Penman 1948; 
Shuttleworth and Wallace 1985; Brisson and Perrier 1991; Breshears et al. 1998) 
Factor Comments 
the amount of surface cover Includes directly (i.e. groundcover, litter, rocks) or 
indirectly (i.e. shade produced by trees or logs)  
the physical attributes of the soil Includes surface temperature, roughness, texture, 
structure, bulk density, moisture, watertable depth 
(saturation) & the specific yield 
air temperature & saturation vapour pressure Temperature is directly related to evaporation rates 
solar radiation cloud cover & sun angle - dependent upon the season 
relative air humidity (dewpoint) dependent upon the season and amount of vegetation 
wind speed (horizontal) and turbulence Dependent upon vegetation, especially at ground level 
season (period of daylight and rainfall) Affects moisture regimes and growing conditions  
altitude (atmospheric pressure)  Discussed by Rohwer (1931) 
transpiration from plants (evapotranspiration) Discussed by Zhang et al. 2005; Guan and Wilson 2009 
 
 
Canopy patches, or areas beneath trees, usually have reduced soil temperatures than exposed 
patches, due predominantly to shading and litter accumulation (Pierson and Wight 1991; 
Breshears et al. 1998). Near surface soil temperatures, which reflect integrated energy 
relationships, will affect soil evaporation rates (Breshears et al. 1998, Hillel 1980). Therefore, 
any vegetative cover will reduce soil temperatures and thus lower evaporation rates. This 
relationship where vegetation controls the rate of evaporation has been shown by Burba and 
Verma (2001), Zhang et al. (2005) and Scott et al. (2006).  Increased evaporation rates reduce 
soil moisture, thereby increasing evaporite deposition, but also reduce water availability for 
plants, compounding the implications for growth and potential seed germination.  
Repp (1961) states that the number one factor for soil salinity causation is increased 
evaporation hence, the first step for management should be “reducing the evaporation by all 
possible means”. She points out that as an non-vegetated surface has much higher evaporation 
rates than those with vegetation, methods such as planting shelter belts or hedges to reduce air 
movement and increase shade, and cultivation of densely growing perennial crops, or indeed 
annual crops with combined ‘fill-in crops’ so the ground is protected (covered) for as long as 
possible should be priorities. She also documents the improvements gained at degraded 
salinised areas with high evaporation rates by reducing and interrupting capillary action in the 
topsoil, by generally improving the soil structural stability (e.g. stability of the aggregates of the 
soil to water) by the addition of organic manure (i.e. SOM). She suggests that the organic 
material should only be worked into the soil surface, imitating the manner of natural vegetation 
and litter, hence improving conditions for microbial activity to develop. The evidence from this 
research therefore concurs with the conclusions of Repp (1961). 
A body of research studying evaporation rates from salt marshes in the northern hemisphere 
concurs with these conclusions, for example, Srivastava and Jefferies (1995) determined that 
geese grazing increased evaporation rates by 28% to 155% compared to rates in vegetated 
marsh areas, and areas with high biomass had soil salinities of about one third to one quarter 
the levels as those areas which were bare from geese grazing. They concluded that reductions 
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in above ground biomass caused by heavy grazing by geese led to an increase in surface 
evaporation rates and consequent soil salinity. Other authors have also documented similar 
results when areas are grazed by geese (Cargill and Jefferies 1984; Iacobelli and Jefferies 1991; 
Bertness et al. 1992; Miller et al. 1996; Mulder et al. 1996) and sheep (e.g. Kauppi 1967; Siira 
1970; Schmeisky 1974; Westhoff and Sykora 1979; Hansen 1982 – all cited in Bakker 1985). 
This affect is exacerbated by increased summer temperatures (Bakker 1985). Therefore, it is 
through this mechanism that increased evaporation rates due to grazing, be it by geese, cattle 
or sheep and probably native animals such as kangaroos and wallabies, can directly cause the 
change in salinity levels and scald formation by effectively degrading the in situ vegetation and 
soil. 
 
12.3.1. A Soil Evaporation Potential Index 
Measurements taken in this research therefore suggest that the most appropriate indicators for 
a Soil Evaporation Potential Index (SEPI) are listed in Table 12.4. All of the SEPI indicators are 
quick and easy to measure, although the CO2 measurement requires either the use of the (time 
consuming and costly) ‘Inverted Box’ microbial respiration methodology or the simple, Solvita 
Soil Life methodology. The EM38 was also considered for use in the SEPI due to consistent 
strong correlations with the indicators associated with degradation, particularly in the shallow 
horizontal dipole, however not included due to its cost. The soil surface compaction is important 
as compacted surfaces are likely to have a greater evaporation potential than those that are 
less compacted (Penman 1948), which usually relates to less degradation. ASWAT is included 
due to its close association with Slake, Na levels, ESP and Scalds, Surface compaction and 
some anions, in addition to its efficiency and low cost.  
 
Table 12.4. List of the ‘Soil Evaporation Potential Index’ (SEPI) indicators used to measure the soil and 
vegetation degradation with associated elevated salinity levels in upland landscapes of southeastern 
Australia. Points 1-6 focus on soil surface physical attributes, points 7- 9 focus on soil chemical attributes, 
and point 10 deals with soil biological attributes (note – point 1 is also a biological attribute). Points 1-6 
and point 10 are a subset of the extended LFA methodology.  
*Note that in most cases under these conditions, annual vegetation cover is considered better than none 
as it reduces the SEPI nonetheless and may also provide benefits for the perennial vegetation and fauna. 
Soil Evaporation Potential Index (SEPI) indicator Objective 
1) Percent Perennial vegetation cover*  Keep levels/health as high as possible. Dense 
grasses with/without trees 
2) Percent Rainsplash protection  Keep amount as high as possible 
3) Percent Litter coverage Keep litter amounts as high as possible (in situ) 
4) Patch (Bare Soil, Sparse/Dense Grass, Trees) Keep surface (dense) grassed and/or treed 
5) Soil Surface Compactness (& roughness) Keep soil surface as ‘soft’ as possible 
6) Slakeness and ASWAT Keep slaking and dispersion to a minimum 
7) Soil hydrolised carbon (H2O2)  
= soil organic matter (SOC/SOM) 
A decent reaction with drop application – due 
to increasing levels of SOM  
8) Surface EC(1:5)  Keep levels as low as possible – 2000µS/cm 
appears to be the upper critical limit at these 
sites, below 800µS/cm is preferred - gypsum & 
326 
SOM application is likely to be beneficial 
9) pH(1:5) Keep levels 5 - 6.5 where possible – gypsum & 
SOM application is likely to be beneficial 
10) Bulk soil respiration (CO2 production using the 
Solvita Soil Life method) 
Keep levels as high as possible, which concurs 
with point 7. Provide food (e.g. SOM) 
 
Although the paramount role of evaporation governing elevated soil salinities is not a new 
observation, it is presently overlooked for management activities in Australia. The 
recommendations suggested in this thesis relating to the methodology of reducing the surface 
evaporation is contrary to the present understanding which stipulates that increased evaporation, 
or at least evapotranspiration, is the preferred management practice, with the objective of 
sucking up the excess water which is presumed to be the symptom (result) of the regional rising 
groundwater problem. Although this practice seemingly contradicts the suggested practice 
provided herein, the trees and grasses reduce the soil surface evaporation nonetheless, 
although they will effectively increase the localised evapotranspiration. Hence, revegetating with 
grasses and trees will provide two major positive outcomes; to reduce the localised soil surface 
evaporation rates and subsequent evaporite deposition and, increase evapotranspiration rates 
which will utilise any available (excess) vadose zone water. Additionally, the threatened 
ecosystem will also benefit. Management is further discussed below. 
It is recommended that this concept deserves further investigation at other degraded sites with 
elevated salinity levels in other states of southern Australia. Basically being an extension of the 
LFA technique, which is recognized as being rigorous, quick, efficient and reliable and requires 
little training or equipment. As the SEPI focuses on factors that are associated with degradation, 
it is also likely to be of use for such surveys. 
12.4. Stock grazing – soil and vegetation degradation 
Stock grazing is arguably the predominant disturbance factor influencing both abiotic and biotic 
parameters in these landscapes, thereby causing soil and vegetation (habitat) degradation. 
Therefore, a summary is provided in Table 12.5. Indeed, in dryland landscapes, intensive stock 
grazing has been the predominant cause of soil (and vegetation) degradation, which inherently 
leads to elevated soil salinity levels, as discussed in section 2.9.3. 
Excellent examples of soil degradation caused by stock can be seen in Google Earth images, 
where salinity expressions are controlled by fencelines and stock intensity on either side. Similar 
observations can be made from the ground. These are shown in Figures 12.1. 
On one occasion at Site 2, which was locked at the front gate to prevent stock and people going 
onto the TSR, the neighbouring farmer complained that the TSR had not been grazed by sheep 
for some time, hence the grasses were a fire hazard and was allowed to put 25 sheep onto the 
site for a few weeks (Figure 12.2). The sheep decimated the scald soil surface and surrounding 
grasses within a short time period. The damage took many months to recover once the sheep 
were removed. 
 
327 
   
a)                                                                   b) 
 
   
b)                                                                   c) 
 
e) f) 
Figure 12.1. Google Earth (a-d) and ground images (e, f) showing bare degraded zones with ground-
truthed elevated salinities, along fencelines where stock congregate, termed, ‘fenceline salinity’, or as can 
be seen in most images, ‘paddock salinity’, nothing to do with shallow saline groundwater. 
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a) b) 
c) d) 
Figure 12.2. Site 2 scald area before (a) and after sheep grazing exercise to “remove the potential fire 
hazard”. The sheep were on site, which is 24Ha in size for approximately 2 weeks, during which time 
extensive disturbance was done to the soil surface and groundcover. The stock effectively increased the 
size of the scald and left it is a less stable condition than prior to their presence. 
 
Table 12.5. Summary of the effects of intensive stock grazing and trampling on soils and biota. The thesis 
results directly applies to many of the effects. 
Degradation effect of stock grazing References 
Selectively removes groundcover species which decreases 
species diversity, often favouring exotic and unpalatable species 
Tunstall et al. 1981; Schlesinger et 
al. 1990; Hobbs and Huenneke 
1992; Milchunas and Lauenroth 1993 
Reduces soil organic matter, soil carbon and soil microbial activity Ojima et al. 1993; Abril and Bucher 
1999; Conant and Paustian 2002; 
Conant et al. 2003 
Usually compacts the surface soil which increases bulk density 
and reduces infiltration, which subsequently degrades the soil 
structure and effectively reduces productivity 
Johns et al. 1984; Schlesinger et al. 
1990; Chapman and Lemaire, 1993; 
Charman and Murphy 1993; 
Johnston 1993; Milchunas and 
Lauenroth 1993; Gabriels et al. 1998; 
Rengasamy et al. 2003; Packer and 
Lawrie 2004; Tunstall 2004 
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All anthropogenic factors that affect water balance and alter the 
mass and energy flow of the soil forming processes can 
accentuate the salinisation process, especially stock grazing 
Szabolcs 1998a,b 
Allowing stock grazing when soil moisture levels are high leads to 
soil structure decline and increased bulk density, with consequent 
anoxic conditions 
Wind and Schothorst 1967; Jensen 
1985 
Hooves can form hollows and hummocks. From a production 
point of view, all stock treading damages pasture, regardless of 
the soil moisture level or plant species 
Brown and Evans 1973 
The surface evaporation from a pasture increased immediately 
following intensive grazing 
Greenwood et al. 1985 
Cattle grazing was associated with elevated surface soil salinities 
on King Island in Bass Strait, where associated groundwater was 
absent. High surface soil salinities are linked to topsoil 
compaction from the livestock, reducing the hydraulic conductivity 
and hence salt flushing from the surface during rain events. 
Reduced grazing regimes should be the most important initial 
approach to salinity management, which should also improve the 
productivity of the site 
Meadows 2008 
By implementing a modified cattle grazing regime, soil 
compaction could be moderated 
Singleton and Addison 1999 
Differentiate trampling from grazing as separate disturbances, 
although they can be considered mutual at most of the yellow box 
red gum grassy woodland sites of the STNSW, except for some 
of the traveling stock routes where animals are quickly moved 
between sites, between Travelling Stock Reserves 
Hobbs and Huenneke 1992 
When trampling is considered independently from grazing and is 
severe in its own right, it not only disturbs the soil surface, but can 
create openings in the vegetation that provides opportunities for 
new plants to become established, and can slow the growth of 
dominant species sufficiently to allow the persistence of less 
vigorous species 
Hobbs and Huenneke 1992 
Intermediate levels of trampling can appear to be useful at 
maintaining high species richness because of the suppression of 
competitive dominants 
Liddle 1975 
Foot pressure exerted by most introduced ungulates is greater 
than that of native macropods 
Bennett 1999 
The season and/or timing of trampling can have a significant 
effect on the chance, rate and species composition of recovery 
Harrison 1981 
Invertebrates are far more sensitive to stock trampling than 
plants, trampling can cause a decreased abundance and diversity 
of spider communities 
Duffy 1975 
Stock are attracted to saline areas where the animals will 
congregate, deteriorating the area further and increasing the size 
of the saline patch (scald) from trampling, often causing an 
erosion hazard with low or nil productivity 
Charman 1993; Bann and Field 
2006a,c 
A clear demonstration seen from google earth images of the 
deleterious effects of cattle trampling, where the animals 
Bann and Field 2006a,c 
330 
congregate along fence lines, around drinking troughs and dams. 
Plants are eliminated from both grazing and trampling leaving the 
soil bare and degraded; evaporation rates increase.  
Hughes 1983 
Sheep quickly form tracks radiating from the salinised (scalded) 
zone which act as ephemeral drainage lines for preferential water 
flow during heavy rainfall events, increasing drainage onto the 
bare area and exacerbating rilling and further erosion. 
Bann and Field 2006c,d 
Sheep grazing on the NTNSW significantly affected the physical 
properties within the upper 5cm of the soil profile by trampling;  
including compaction, loss of pores >1.2mm equivalent diameter, 
and increased bulk density and soil strength, thereby reducing 
porosity and hydraulic conductivity.  
Greenwood et al. 1997 
Physical properties of the soil deteriorates with increased 
stocking rates (lower hydraulic conductivities, higher bulk 
densities and soil strengths) 
Bryant et al. 1972; Langlands and 
Bennett 1973; Willatt and Pullar 
1983; Holt et al. 1996  
A possible benefit that grazing may provide through trampling is 
to disturb the often compacted and crusted soil surface, allowing 
a rougher or heterogeneous surface on which seeds can lodge 
and water can infiltrate easier – although this requires strict 
strategic management 
Hobbs and Atkins 1988 
Soil nutrients and salinity levels in native grassland sites in 
Argentina with different levels of grazing (either excluded from 
grazing for 15 years, or not excluded) - grazing intensity 
significantly interacted with sites in affecting the topsoil C, N and 
salinity, with the soil EC significantly higher in grazed sites than 
the excluded sites 
Chaneton and Lavado 1996 
Likelihood that new plant species, including weeds, may be 
introduced as seeds from the stock manure and/or adhering to 
the animals coat or hooves, especially on the TSR’s where the 
stock are usually just visiting for short periods, having travelled 
from areas with different management priorities and weed 
species 
Bulow-Olsen 1980; Gibson et al. 
1987a,b; Sykora et al. 1990 
Stock observed congregating at salinised areas to preferentially 
feed on the proximate plants, suggesting that an increase in plant 
nutrition may be a factor, possibly due to the degraded and harsh 
conditions, including elevated salinity levels. 
Bann and Field 2006a,c; 2010a,b 
Stock observed licking salts from the soil surface, which may 
contribute to further soil erosion 
Bann and Field 2006c, 2010a; Kreeb 
et al. 1995 
Associated with low productivity are often increased rates of salt 
transport in surface water flow, increased surface runoff and 
increased erosion, hence intervention may be necessary to 
prevent complete degradation 
Rogers et al. 2005 
The loss of perennial grass tussocks and associated increase in 
bare ground effectively removes habitat for many grassland hemi-
edaphic (epigaic) invertebrate species living in the litter and soil 
surface. 
Bann and Field 2006b, 2010b 
Most studies on invertebrate communities in grazing systems 
indicate that more intensively managed grazing systems have 
Morris 1968, 1970; Hutchinson and 
King 1980; King & Hutchinson 1983; 
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lower invertebrate richness and abundance, diversity and spatial 
distribution 
Rushton et al. 1989; Siepel et al. 
1989; Dennis et al. 1997; Di Giulo et 
al. 2001 
On the NTNSW, predators, detritivores and herbivores all 
declined with increasing grazing intensity – which was associated 
with changes in composition and richness of invertebrate 
communities, due to many factors including; a reduction in plant 
species richness, loss of tussock forming plant species, changes 
in soil surface microtopography and microclimate, increased soil 
compaction and fertiliser inputs.  
Hutchinson and King 1980; King and 
Hutchinson 1983 
A reduction in surface litter and vegetation cover (biomass) can 
drastically alter the soil microclimate such as increasing daytime 
temps and evaporation rates (e.g. maximum soil temperature of 
28ºC in lightly grazed pasture in N.S.W. compared with 42ºC in 
heavily grazed areas which then killed scarab larvae) 
Curry 1994; Davidson et al. 1979 
Sheep grazing caused a significant reduction in abundance of 
litter and topsoil micro-arthropods, particularly nematodes and 
enchytraeids in unfertilized natural pastures of the New England 
Tablelands (NSW). Fresh biomass of large soil and litter dwelling 
invertebrates also declined with grazing, with proportionally 
greater reductions occurring for litter animals. Changes in 
invertebrate populations were associated with changes in living 
space, microclimate and food supply (negative relationship 
between sheep biomass and invertebrate biomass was clearly 
evident, with sheep biomass being approximately double the total 
invertebrate biomass in the lightly grazed treatments and five 
times the invertebrate biomass in the heavily grazed sites). 
King and Hutchinson 1983 
Grazing also reduced soil moisture levels, with a higher moisture 
status being maintained in the ungrazed grasslands. 
King and Hutchinson 1983 
Twice the spider numbers from grasslands in England when 
sheep were excluded 
Cherrett 1964 
Grazing intensity from sheep, cattle and horses in Swiss 
grasslands negatively influenced the snail fauna (four species), 
species richness and abundance and a number of Red list 
species. 
Boschi and Baur 2007 
Cattle, kangaroos and rabbits often had a minor effect on E. 
camaldulensis (river red gum) seedling survival and form during 
favourable climatic conditions however, during drought years their 
impact could be substantial.   
Dexter 1967, 1970 
Cattle on the Murrumbidgee River (E. camaldulensis) flood-plain 
can have a marked negative impact. They used six indicators to 
measure ecological condition of the red gum forests; results 
suggest that ecological condition declined significantly as the 
density of cattle increased, with most areas having high stocking 
rates with correspondingly poor ecological condition. 
Jansen and Robertson 2001 
Three kinds of responses to invertebrates from increased stock 
rates; 1) increasing the stocking rate of grazing animals reduces 
most pasture invertebrate populations; 2) populations of some 
East and Pottinger 1983 
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species may reach a peak at intermediate stocking rates (i.e. the 
intermediate disturbance hypothesis); and 3) some populations 
may increase up to high stocking rates. Most responses are due 
to the direct mortality of foliage and surface dwelling invertebrates 
(from grazing and trampling), or to the indirect effects of grazing 
animals on the habitat microclimate and food supply of the 
invertebrates residing in the soil and litter. 
Ants and spiders tend to be more abundant in heavily grazed 
areas due to the increased bare ground caused by the grazing, a 
feature which favours opportunistic, colonising species 
Hutchinson and King 1980 
A number of studies have found that regulated grazing, or non-
intensive managed grazing, including that which occurs in natural 
systems, such as the Serengeti Plains in Africa, can have positive 
effects to the ecosystem (although these conditions are unlike the 
intensively managed production systems of the research area). 
McNaughton 1979; Georgaidis et al. 
1989 
Long term removal of sheep grazing from a grassy upland 
resulted in an increase in surface soil fungal biomass, which 
influences organic matter decomposition, water infiltration, soil 
structure and nutrient cycling.  
Bardgett 1991 
Increased stock densities and high rates of biomass removal 
have increased the rate and extent of bare ground, particularly in 
late summer when the soil moisture levels are low. This was 
observed at Site 2 when sheep effectively increased the size and 
severity of a scald area. This expansion of bare ground not only 
exacerbates the salinity situation by increasing evaporation rates, 
but effectively removes habitat for grassland fauna, particularly 
those that require closed tussock vegetation. 
Dorrough et al. 2004 
 
Many of the responses summarized in Table 12.5 are evident in these landscapes, animals that 
rely on groundcover vegetation and litter (such as detritivores) will be impacted most whilst 
animals that prefer the exposure, such as meat ants and spiders, exploit the conditions and 
increase in number. The levels of salinity in these situations may indeed be irrelevant.  
Although there are few studies investigating the impacts of stock grazing on dryland salinity 
expressions per se, much work has been performed on the effects of grazing on salt marshes 
around the world, particularly from Europe (e.g. Ranwell 1961; Wind and Schothorst 1967;  
Brereton 1971; Schmeisky 1974; Ahmad and Wainwright 1977; Beeftink 1977; Westhoff and 
Sykora 1979; Bakker and Ruyter 1981; Bakker 1985; Jensen 1985; Andresen et al. 1990; 
Doody 1992; Chaneton and  Lavado 1996; Kiehl et al. 1996; Ungar 1998; Martin 2003; Silliman 
et al. 2009). It is likely that the impacts induced to the endemic biota from the soil and 
vegetation degradation in these salt marshes would be similar to those that may occur at these 
inland dryland salinity sites. Summaries are therefore provided in Tables 12.6 and 12.7. 
The response of biodiversity levels with the exclusion of stock grazing on salt marshes varies 
between studies, with some concluding that diversity levels are reduced following grazing 
exclusion (e.g. Bakker and Ruyter 1981; Bakker 1985; Silliman et al. 2009) and others 
concluding that diversity levels increase following grazing exclusion (e.g. Jensen 1985; 
333 
Andresen et al. 1990; Doody 1992; Kiehl et al. 1996). It appears that results mainly vary 
depending upon the time period elapsed since the grazing ceased and when the research is 
performed, in addition to other factors.  
 
Table 12.6. A summary of the effects of sheep grazing on salt marshes. The concepts and observations 
comply with the degraded and bare sites of the research region, therefore are applicable to the salinised 
sites in this study. Note the same issues are listed in Table 12.5. 
Comment Reference 
Sheep grazing on salt marshes in Germany caused a reduced number of flora spp. and 
was the major factor for reducing grazing sensitive species to endangered status. 
Kiehl K. et al. 
1996 
Grazing influences vegetation on salt marshes in Denmark by; 1) defoliation of plants; 2) 
removal of plant material; 3) treading and pawing (trampling); 4) deposition of faeces; 5) 
deposition of urine; and 6) uprooting plants during grazing. Additionally, secondary 
effects such as increased exposure and associated temperature extremes and wind (and 
soil) desiccation are also likely to compound the impacts. 
Jensen 1985 
For plants to survive in salt marsh environments that are regularly grazed by sheep or 
cattle, plants must: 1) be able to withstand defoliation, including loss of leaves, shoots 
and reproductive organs during the growing season or have a high recolonisation 
capacity; 2) root systems must be strong enough to avoid uprooting; 3) the plant 
morphology must ensure that sufficient leaf area is available for assimilation; 4) plants 
must have comparatively large amounts of below-ground biomass and storage tissue; 5) 
the plant must be able to reallocate nutrients and assimilate carbon rapidly; 6) the plant 
must have fast regrowth after defoliation; 7) reproduction must be possible following 
defoliation, either by seeds or formation of clones (the stolons and rhizomes of Cynodon 
dactylon provide benefits); 8) plants have to withstand treading and trampling; 9) plants 
must be able to tolerate deposition of dung; and 10) plants must tolerate being sprayed 
with urine. It is also apparent that all of these factors apply to these research sites, 
highlighting the necessity for appropriate grazing management. 
Jensen 1985 
Increased stock rates on salt marshes reduces plant species richness, litter production, 
population density of detritus feeding animals and their predators, and also reduced the 
species richness of plant feeding insect species, generating poorly developed insect 
communities. 
Andresen et 
al. 1990 
The number and size of burrowing crabs increased in ungrazed plots when compared to 
those that are grazed. 
Martin 2003 
Despite being ungrazed for many years, many salt marshes in Britain still show the 
impacts of the former exploitation of grazing, with a loss of structural diversity, hence 
invertebrate diversity. 
Doody 1992 
Intensive grazing of salt marshes by sheep or cattle can lead to a downward shift of 
vegetation successional zones 
Ranwel 1968; 
Bakker 1989 
Intensive grazing causes a loss of grazing-sensitive species because only a few plant 
species tolerate frequent biomass loss and trampling 
Kiehl et al. 
1996: Stock 
et al. 1997 
The most apparent changes on grazed areas on salt marshes in the Netherlands were 
towards communities occurring previously lower down the successional gradient, 
whereas the reverse occurred where grazing was excluded. This suggests that a 
retrogressive succession occurs in the grazed areas. However, a general increase in 
species diversity and equitability on grazed areas was accounted for by the fact that 
Bakker 1985;  
Beeftink 1977 
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grazing causes local bare patches providing ‘gaps’ for new species to colonise. 
Competition by just a few colonising species following stock exclusion reduces the total 
diversity. Inevitably, the new species are usually the colonisors (pioneers), hence 
contributing to the apparent retrogressive (primary) succession.  
Many years of high stocking rates on European salt marshes have produced “billiard 
table smooth” (i.e. scalds) or “golf course” grassy surfaces, by removing dicotyledonous 
herbs and taller species, in favour of low growing grasses, such as Puccinellia sp. 
Silliman et al. 
2009 
Salt marshes could be converted to Puccinellia sp. dominated swards simply by grazing 
with sheep for just 5 to 10 years.  
This is an interesting result, as areas associated with Puccinellia on the Southern 
Tablelands of NSW are considered to be associated with elevated soil salinities, whilst 
the effects of grazing are overlooked. 
Ranwell 1961 
Depending on the conditions, a loss of biodiversity is sometimes associated with 
increasing biomass and litter accumulation following long term cessation of stock grazing 
Silliman et al. 
2009 
Loss of plant cover and litter caused an increase in both the evaporation rate at the soil 
surface and the soil salinity content 
Kauppi 1967; 
Siira 1970; 
Schmeisky 
1974; 
Westhoff and 
Sykora 1979; 
Hansen 1982 
 
Table 12.7. A summary of the main conclusions from relevant research investigating the degradation 
effects of geese grazing on salt marshes.  
Comment Reference 
Evaporation rates on salt marshes grazed by geese at La Perouse Bay in Manitoba 
increased from 28% to 155%, compared to those that were vegetated and 
excluded from grazing. Areas with high biomass had soil salinities of about one 
third to one quarter the levels as those areas which were bare from geese grazing. 
Reductions in above ground biomass caused by heavy grazing by geese led to an 
increase in surface evaporation rates and consequently, soil salinity. 
Srivastava and 
Jefferies 1995 
Loss of both plant cover and litter causes an increase in both the evaporation rate 
at the soil surface and the soil salinity content 
Cargill and Jefferies 
1984, Iacobelli and 
Jefferies 1991; 
Bertness et al. 1992 
Grazing by geese on salt marshes produces bare areas with higher salinities and 
lower soil moisture levels than vegetated areas, which allows only the more salt 
tolerant species to persist 
Miller et al. 1996; 
Mulder et al. 1996 
Surface soil EC levels are higher during summer than winter, particularly on the 
grazed sites (results from this research suggest that EC levels are also highest 
during hotter conditions). 
Bakker 1985 
 
Andresen et al. (1990) point out that weak, poorly structured soil of salt marshes is particularly 
susceptible to grazing and trampling, with severe destruction apparent when stock rates are 
high. Similar destruction to the soil surface was identified at a number of the research sites 
following stock presence, particularly apparent at Site 2 following the introduction of sheep after 
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a considerable exclusion period (see Figures 12.2). Although not presented in this thesis, data 
taken using the LFA procedure before and after the stock were introduced, indicate that they 
caused reductions in surface soil stability and nutrient retention and an increase in the actual 
size of the bare scald area (unpublished data), in addition to removing much vegetative biomass, 
adding considerable faeces (droppings) and generally exacerbating the degradation. This is 
visible in the photos. 
Therefore, as grazing produces bare areas with elevated salinities and lower soil moisture levels 
than the nearby vegetated areas, whether this is caused by geese, cattle or sheep, it directly 
causes the elevated salinity levels and scald formation, or at the very least, exacerbates the 
situation.    
Additionally, the historical disturbance regime from stock has favoured the establishment of 
invasive annual plant species, most of which are exotic, at the expense of native perennial 
species (Moore 1970). In this way, stock grazing is largely responsible for the incursion of both 
annual and weed species, elevated salinity levels are not the cause of the weeds, as claimed by 
Briggs and Taws (2003) and Taws (2003). Indeed, bare patches with weeds but low salinity 
levels, indicates that salinity is not the cause.  
Soil degradation processes and affects to biota as a consequence to intensive stock grazing are 
summarised in Figure 12.3. Figure 12.4 summarises the effects stock grazing can cause to the 
vegetation and surface soil. Figure 12.5 summarises the downward spiral of productivity as a 
consequence of intensive stock grazing, which is updated from Figure 2.10. 
The question arises as to what grazing intensity or regime, if any, benefits which flora and fauna 
species, considering that different grass species require different management practices, as too 
would tree regeneration and soil amelioration activities; such as the timing of grazing (i.e. 
season and soil moisture content), the duration the animals are on the site and the intensity 
(number of animals). 
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Figure 12.3. Schematic diagram summarising the impacts of intensive grazing on the sodic and saline 
duplex soils of the Southern Tablelands of NSW, showing evaporite accumulation and depletion of 
nutrients and organic matter. Br can also accumulate. This occurs due to the soil and vegetation 
degradation. 
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Figure 12.4. Simplified flow diagram showing the consequence of intensive grazing regimes (on the 
Southern Tablelands of NSW), usually involving a high stocking rate for extended durations, on the 
physical, chemical and biological soil attributes, and subsequently productivity and plant survival. It 
should be noted that the flow diagram is inherently more complex and is not unidirectional or in process 
order, certain parameters can directly influence many synergistic factors causing various compounding 
effects and outcomes. Note also the changed chemical parameters include pH levels, cations and anions 
and EC levels, all of which are considered to be symptoms of the degradation induced from the grazing 
and not due to elevated salinity levels per se. 
Intensive grazing 
regime
Degradation of surface soil & vegetation 
Increased compaction & reduced vegetative cover 
Increased  exposure & soil surface evaporation 
Changes to soil physical & chemical attributes 
Increased slaking, dispersion, runoff, waterlogging & erosion 
Decreased infiltration, recharge & soil water retention  
Decreased soil organic matter & biological activity  
Decreased root growth, germination & recruitment 
Ongoing soil (& hence vegetation) degradation 
 
 
Decreased productivity & increased ‘dieback’ 
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Figure 12.5. Downward spiral of productivity and ecosystem (and landscape) function with intensive stock 
grazing and trampling associated with soil and vegetation degradation (updated from Figure 2.10). 
Adapted from McIntyre et al. (2005).  
 
12.5. Salinity Formation Models (Question 6, Hypotheses 1, 2) 
A conceptual salinity causation model for upland landscapes which focuses on surficial top 
down degradation processes rather than a deep bottom-up saline groundwater issue is required.  
Conceptual models have to comply with situations observed in the field, such as those 
described in the thesis and summarized in Table 12.8. The model also has to comply with 
previous applicable field research that suggests that surficial degradation issues are the main 
concern at these sites, including those that identify grazing being associated with the 
degradation. Scalds forming along old vehicle tracks within paddocks and along fence-lines also 
require consideration. The key results from this research are included in Table 12.8. 
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Table 12.8. The rising groundwater and surface water models; the applicability for each process using the 
results and actual situations (No = does not apply, or is unlikely; Yes = does, or could apply). It is clear 
that the rising groundwater model (RGM) used to describe apparent dryland salinity does not apply in 
these landscapes. A surficial water model (SWM) is required. Points 15 and 16 are discussed in the 
following section & Chapter 8.  
Result Comments RGM SWM 
No groundwater detected in auger 
holes in scalds up to 2.7m deep 
Auger holes for the piezometers were all dry 
when dug, indicating shallow groundwater is not 
the issue at these sites 
no yes 
Predominant water movement above 
the B horizon (piezometers) 
Due to the duplex soils, water flows and 
accumulates on the B horizon following rainfall. 
no yes 
No upward movement of water 
entering hollow bottomed 
piezometers placed into the B horizon 
Indicates that no groundwater rose through the B 
horizon, or at least, to the depth that the piezo’s 
were placed. This is logical as the B horizon is 
semi impermeable for downward flowing water 
under gravity, so should be the that also rising 
no yes 
The inverse relationship shown with 
the EM measurements (ECa) and 
surface attributes, including surface 
soil EC 
This identifies that the process is surficial. If it 
was associated with groundwater, there should 
be a positive relationship with depth, as this is 
where the problem is claimed to arise 
no yes 
The depth weighted ratio data 
indicates that the predominant 
change in ECa between the two 
seasons with different hydrology 
regimes was within the top metre of 
soil, or above the B horizon 
If groundwater was the cause of the degradation 
at these sites, the predominant change between 
the two seasons should have been in the deeper 
measurements due to saline groundwater ‘rising’ 
slightly following a few months rainfall 
no yes 
The lack of correlations, or 
association, with the deeper 
measuring EM31 and other 
indicators, including EC and Scald, 
especially in the wetter 2nd season 
The EM31 should probably produce the strongest 
of the correlations with the surface attributes if 
groundwater was the problem. It should at least 
show some association. The data indicates that 
the EM31 is virtually useless in the deeper mode 
no yes 
Extreme lateral (spatial) variation of 
soil and soil-water EC, pH, cations, 
anions, soil slake, SOM and CO2 
levels 
It would be more likely that the lateral variation 
would be caused by processes acting on the 
surface, than a ‘regionalised’ problem from below  
no? yes 
Considerable vertical variation 
(spatially & temporally) of soil & water 
EC, cations & anions 
It is easier to explain this vertical variation from a 
top down surficial process, under gravity, than a 
bottom up groundwater process, against gravity 
yes? yes 
Considerable and rapid temporal 
variation of soil EC, pH, cations and 
anions etc. 
Similarly to the 3 points above, although this can 
only be caused by a surficial process due to the 
rapid changes. 
no yes 
Many bare areas, including scalds, 
do not have elevated surface soil 
salinity levels. 
Salinity is not a prerequisite of the degradation, it 
is a symptom, and the levels of the affects are 
dependent on the in situ conditions. Scalds can 
form independently of salinity. 
no? yes 
Healthy trees, particularly large ones, 
growing in and around degraded 
salinised areas, including scalds. This 
includes downslope from the scald. 
If the scald was caused by rising saline 
groundwater, the trees should be suffering also, 
especially the ones growing within the scald and 
downslope from the scald 
no yes 
Healthy trees and grasses growing 
adjacent to scalds, often within 
centimetres (abrupt boundaries) 
If the scald was caused from rising saline 
groundwater, there should be a gradual decline 
of productivity from the scald boundary 
no yes 
Small scalds formed within healthy 
woodlands 
If shallow groundwater was an issue, the 
vegetation surrounding the scald should be 
no yes 
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impacted also 
Scalded areas forming upslope from 
surface compacted zones such as 
roads/ tracks 
The surface compaction is causing the water flow 
blockage which ponds and evaporates, 
Groundwater is not required.  
no yes 
Large ant and termite mounds built 
on, and surrounding scalds 
If shallow saline groundwater was a problem, it 
should impact these subterranean taxa 
no yes 
Scalds forming along and besides old 
vehicle tracks, 
The vehicle tracks degrade the soil surface 
usually exposing the subsoils which allows 
increased evaporation from the bare surface 
no yes 
Scalds forming along fencelines and 
within paddocks (especially corners) 
where stock congregate 
This fenceline salinity is caused by the 
degradation to the surface soil by the stock. 
Groundwater is not controlled by stock fences. 
no yes 
Surface evaporite deposition at high 
elevations on outcrops at 
roadside/hwy cuttings 
There is no groundwater involved with these 
elevated expressions besides the road, all 
hydrology is surficial flowing under gravity 
no yes 
Evaporite deposition at soil and rock 
outcrop surfaces immediately 
following rainfall 
Similarly to above, the surface flows which 
transport the salts are due to rainfall, hence the 
evaporites form following rainfall and 
evaporation. Groundwater is irrelevant. 
no? yes 
Account for successful site 
remediation using stock exclusion 
and soil works that focus on soil and 
surface hydrology attributes 
It is much easier to explain this as the 
management activities are specifically for the 
surface degradation, rather than focusing on 
shallow groundwater. 
no? yes 
Account for successful tree plantings 
directly into scalds with reportedly 
high salinity levels 
Two of the research sites (Sites 5 and 6) have 
been planted with trees to assist remediation of 
the sites. Other sites regionally and nationally 
have similar success. 
no? yes 
Stronger correlations with Scald and 
the other indicators than EC and the 
them 
The bareness of scalds plays a greater role than 
EC does on most attributes measured 
no yes 
 
 
The model must also consider the inherent complex factors and processes listed in Table 2.2, 
and the observations and results in Tables 12.1 and 12.2, and does not incur so many invalid 
assumptions and consequent problems that are identified in Tables 2.3 and 2.10. It is also 
necessary to consider the origins and fates of the salts in the model. The conceptual model 
proposed is therefore the Surface Water Model (SWM), shown in Figure 12.6 and presented by 
Bann and Field (2006a and 2007). Similar versions of this model have also been referred to as 
the transient salinity model (e.g. Rengasamy 2002, 2006; Fitzpatrick et al. 2003) and the NAS 
(Thomas 2008; Fitzpatrick 2008) which are described in Chapter 2. 
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Figure 12.6. Simplified, schematic salinity formation model showing; 1. Vegetation and soil degradation, 
following land clearing and intensive stock grazing; 2. General degradation of topsoil, including physical, 
chemical, hydrological and biological attributes – especially the loss of SOM and microbial activity; 3. 
Altered hydrology with predominant movement above the clay rich B horizon (i.e. duplex soils) as 
interflow through the degraded A horizons, in addition to surface runoff from the compacted surfaces, and 
4) more water, which is often saline from travelling across and through the areas with elevated salinities 
(Hughes et al. 2006), accumulating in low lying areas, such as swamps, scalds and other areas which 
constrict flows, which then evaporates, depositing evaporites, of which NaCl is just one of the possible 
salts to accumulate. 
 
The generality given to the rising groundwater model therefore requires urgent consideration. 
Despite this, relatively recent publications supporting the rising groundwater model as the model 
which causes dryland salinity does not comply with this (e.g. Rancic et al. 2009, Summerell et al. 
2009, DECC 2009 and Jasonsmith et al. 2011). None of these reports mention the plethora of 
studies across southern Australia reported in Chapter 2, discussing dryland salinity processes 
that are not associated with rising groundwater. Many of the important factors summarised in 
Table 2.2 are ignored. Rancic et al. (2009), Summerell et al. (2009) and DECC (2009) have 
declared that salinity problems in south-eastern Australia are caused from increased rainfall, not 
land clearing, hence rainfall is nonsensically deemed as bad. Moreover, significant amounts of 
government funding ($45 million) was secured by the UNSW in 2009 for further bore hydrology 
monitoring activities for salinity in NSW that are based solely on this model (SMH 2009). To 
summarise problems identified with this research, Table 12.9 is included below. 
 
 
342 
Table 12.9. Problems associated with the assumptions and consequent conclusions made by relatively 
recent SE Australian salinity research  (Rancic et al. 2009, Summerell et al. 2009 and DECC 2009). 
Assumption Problems Implication 
Measurements made from 
deep water bores are 
associated with elevated 
surface soil salinity levels  
There is no evidence that deep 
water produces soil surface 
salinity problems in upland or 
dryland situations, especially as 
deep as the reports suggest. 
Rengasamy (2002) indicates 
that ~67% of sites are not 
groundwater related. A figure 
closer to 95% is more likely. 
A plethora of previous research and 
the present evidence disagrees with 
this assumption, as does logic. An 
understanding of the physics is 
required. A correlation between 
rainfall and bore levels does not 
indicate a cause of salinity, it is 
irrelevant hence subsequent 
conclusions are false. 
Deep water measured from 
deep bores have increased 
recent salinity levels 
compared to historical levels  
No evidence is available for this 
assumption as historical 
monitoring activities are virtually 
non-existent 
As this assumption is clearly wrong, 
any conclusions based on this are 
false. The salinity levels may actually 
be less than historical levels. 
Soil surface processes are 
not involved (and are 
therefore ignored) 
A plethora of research is ignored 
that identifies and discusses 
surface soil and water processes 
in upland salinity situations.  
The inferred model based on this 
assumption is obviously biased and 
flawed.  
Increased rainfall is the 
culprit for salinity outbreaks 
Separate correlations between 
rainfall and deep water bore 
levels and salinity expressions 
has been detected thence used 
to create a flawed process which 
is supposed to explain a farcical 
cause. The correlations do not 
indicate the cause, nor are they 
relevant. 
The implication that rainfall is the 
cause is irrational and nonsensical 
and ignores the fundamental issues. 
Rainfall is required for agricultural 
productivity. If rainfall is the cause, 
then primary salinity should have 
been an issue during more pluvial 
Holocene periods.  
That the one process occurs 
across the whole of the 
(heterogeneous) landscape 
Irrigation salinity processes (i.e. 
excess water) are transferred to 
upland situations, ignoring the 
obvious different factors  
Attempting to generalize and manage 
a situation that is based on a 
simplistic general model that is 
fundamentally flawed has been a 
waste of time, effort and funds 
Deep water levels are not 
associated with bore water 
extraction (i.e. agricultural 
production)  
Bores are utilised for agricultural 
activities, which is overlooked 
and, the extraction amounts 
appear to be ignored 
As a major contributing factor to bore 
levels is missing, the results are, once 
again, invalid. 
Claims that “Textbooks have 
to be rewritten” 
Biased data of questionable 
relevance is being used to 
promote a non-general (and 
generally irrelevant) salinity 
process 
Ongoing continuation of salinity 
problems and failed remediation 
efforts in southern Australia are 
expected.  
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12.6. Management: surface attributes and degradation (Hypotheses 5 and 6) 
Salinity management for southern Australia requires a reappraisal of the current techniques. 
The Surface Water Model (also known as the Transient Salinity and NAS model) needs to be 
recognized as the main conceptual model for dryland salinity formation across southern 
Australian uplands. The present management techniques focusing on the rising groundwater 
model with large scale tree plantings to decrease recharge amounts and thereby decrease 
discharge, is not general and does not apply to the small, localised sites on the southern 
tablelands of NSW. The results from this study concur with previous research describing in situ 
degradation as the main cause of the problem, as described in Chapter 2. It are the causes and 
the symptoms of the degradation that need the management. 
The predominant cause of upland dryland salinity is due to increased evaporation at the soil 
surface from periodic salty water flowing laterally across the surface as runoff and through the A 
horizon. The increased evaporative surface is generally induced by activities at the immediate 
soil surface which impact the ecological potential and the function of the soil. Physical, chemical, 
biological and hydrological factors are adversely affected, and the cumulative effects of many 
years of generally unsustainable land management practices causing soil and vegetation 
degradation, particularly clearing and stock grazing, become apparent.  
The implications of the management actions that are based on the rising groundwater model for 
natural resource management and remediation activities can be considerable, as summarized in 
Table 12.10. The universal acceptance of this model has inhibited effective management 
solutions, as the majority of remediation practices are presently focused on revegetation 
activities to manipulate (soak up) hypothetical excess water balances in the landscape.  
Most soil parameters measured showed extreme localised variability, laterally, vertically and 
temporally, which can rapidly change during small time periods and across small distances, 
especially the abrupt boundaries between scalds and adjacent vegetation. This heterogeneity 
has been previously documented from degraded salt-affected sites in eastern Australia (e.g. 
Semple et al. 1994, 2006; Kreeb et al. 1995; Barnett 2000; Wagner 2001; Bann and Field 2007; 
Rogers et al. 2005) and indeed other parts of the world (Johnson et al. 2001). The in situ 
heterogeneity of most attributes induced from the degradation suggests that some areas require 
more focused site specific management and attention than others, or alternatively, some areas 
require little or no attention. This must be a consideration when designing a management plan 
rather than treating sites generally. Additionally, the fact that considerable changes occur 
temporally, such as EC levels, and the amounts of certain cations and anions, suggest that 
management activities should address, or prevent, the extreme conditions, as it is likely that the 
conditions when levels are not extreme, do not drastically impact the biota.  
Plant et al. (2000) and Horney et al. (2005) discuss an applicable system for salinity 
management termed ‘Site Specific Management’ to address the soil heterogeneity at each 
affected site, which is basically what farmers and land managers already practice to some 
degree on the Southern Tablelands of NSW (David Hilhorst pers. comm. 2005). Wallace (1994) 
suggests that site-specific management has the potential to maximize agricultural production 
and economic return whilst conserving soil and water resources and enhancing soil quality. The 
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methodology involves quantifying the soil properties using various surveys and analyses, to 
identify the site locations that require targeted management and the recommended techniques 
to achieve it. Due to the heterogeneity shown between bare degraded scalds and less degraded 
surrounding grassy woodlands, the application of this management concept is essential for 
these sites. Additionally, as salinity is a consequence of, or a symptom of vegetation and soil 
degradation, it is necessary to address the degradation holistically when attempting to manage 
elevated salinity levels.  
The remediation of the disturbed/degraded ecosystem to either a marginally or drastically 
improved state, needs to begin with the soil architecture, that is, its structure (Shaxson 1998). 
This is primarily achieved by the activities of microbes acting on organic materials produced 
either in situ or introduced from elsewhere.  
The soils with elevated salinity levels generally have high levels of sodium with low levels of 
calcium and carbonate, hence, the most preferred method to ameliorate or remediate the soil 
chemical problems would be to incorporate gypsum into the soil (Rengasamy et al. 1984; 
Szabolcs 1989). Lime could also be used on the acid soils. Sulfuric acid and elemental sulfur 
are inapplicable, mainly due to the fact that carbonates are rare or absent (hence no CaSO4 will 
form). This can only be achieved with remediation activities that involve the addition of organic 
matter to improve the low SOM levels. SOM management practices are considered to be the 
most important factors in agricultural landscapes (Baldcock and Skjemstad 1999) and the 
situation particularly applies at these sites. The added SOM provides plant nutrients, increases 
soil aggregation and structure (architecture), limits soil erosion and increases cation exchange 
and water holding capacities (Miller and Donohue 1990), making management of SOM of 
paramount importance, especially in these grassy woodland ecosystems, as they are elsewhere 
(Conant et al. 2004).  
As the soil has lost its porosity due to cumulative structural changes from the many years of 
unsustainable land management practices, much of the water that falls as rain flows across the 
surface as run-off, taking soil and nutrients with it, which not only reduces the (LFA) ‘nutrient 
cycling index’, but can effectively cause both recharge and discharge problems in lower 
landscape positions. There is more water to pond in the lower areas, often being inherently 
saline from flowing across the salty surfaces during its travel (Hughes et al. 2006), which 
subsequently evaporates or flows into nearby drainages. Sometimes these flow paths are 
artificially ponded due to roads, tracks and dams terminating the flow path (Bann and Field 
2006a, b). Excess water that makes it to the local creeks is also likely to be salty. Managing 
dryland salinity will therefore first and foremost require that water be retained where it falls, with 
the emphasis on rapid infiltration and increased water and nutrient storage in the topsoil (A 
horizons).  
It is also noted that the evaporation potential requires water within the soil profile that is within 
the evaporative potential range for the particular requisite circumstances for the process to 
progress. It is this water that transports the majority of salts and is closest to the surface, hence 
is the surface hydrology that requires the management. As the majority of the surface water in 
these landscapes moves through the A horizon, above the B horizon as interflow, it is surface 
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hydrology that is prevalent in the process, not groundwater rising vertically through the semi-
impermeable B horizon and A horizons to the surface. It is therefore this shallow water that 
needs to be addressed in remediation activities, or at least associated with those activities that 
are used to address any presumed rising groundwater. Additionally, reducing possible capillary 
rise is also a priority, which involves improving the soil structure (Penman 1948), especially with 
the addition of organic material. 
 
A number of endemic grass species discussed by Bann and Field (2006c, 2010b) and reported 
in Chapter 8 exhibit an increased tolerance of the degraded conditions. Their abundance and 
use at salinised sites is encouraging for both agricultural management and conservation 
purposes. Desirable outcomes can be achieved using large, native, perennial tussock grasses 
which can effectively capture organic matter and nutrients moving over the soil surface, as they 
incorporate greater biomass (roots and litter) into the soil than small annual species (Derner et 
al. 1997). To summarise, a number of species are particularly promising for rehabilitating 
degraded salinised areas, including Austrodanthonia species (wallaby grasses) and Cynodon 
dactylon (couch grass). Couch grass appears to be the best performer, having specialised 
adaptations which allow it to grow onto and across the degraded scalded area, in addition to 
being tolerant of the adverse conditions associated with the degradation, including the extreme 
alkaline conditions. Dann (1970), Gunn (1985) and Wagner (2001) noted the persistence of 
couch at salinised sites on the Southern Tablelands of NSW and Hamilton (1972), Semple et al. 
(1996, 2003, 2004, 2006), Malcolm (1986), Ranciman (1986) and Mitchell (2009) have also 
recorded the efficacy of this species for salinity remediation activities at other sites across 
southern Australia. Truong and Roberts (1992) reported the same from Queensland and it has 
also been documented from around the world (e.g. Gausman et al. 1954; Younger and Lunt 
1967; Abrol 1986; Kraiem 1986; Marcum and Murdoch 1994; Duncan and Carrow 1999; 
Marcum 1999). Indeed, Semple et al. (2003) found that Cynodon dactylon offered advantages 
with its stoloniferous/rhizomatous growth form as warm season species are often difficult to 
establish from seed on scalded sites with unreliable warm season rainfall. Furthermore, the 
dense prostrate cover protects the soil from rainsplash protection and reduces the surface 
evaporation. Further trials should thus be performed using this grass and perhaps a mixture of 
some of the other endemic species mentioned in this research to combine the benefits of the 
mat forming habit of Cynodon dactylon and the thick tussock forming habits of the other species. 
As the native grasses require less fertiliser, Rogers et al (1996) indicate that they are 
economically sensible and may assist with controlling, or offsetting soil degradation.  
Considering that all of the grass species listed in Table 9.1 belong to a listed Endangered 
Ecological Community, in addition to being drought (and frost) tolerant, habitat providing, mostly 
perennial forming deep root systems and thick tussocks, and in most cases productive as 
fodder (in addition to requiring less – or no – fertilizer), they should be raised in priority for 
remediation activities and indeed, agronomy practices in these regions. In many cases they are 
also self-seeding and just require the appropriate management practices, such as allowing 
summer growing species such as Themeda triandra to set seed in summer and strategic 
grazing to promote fresh, nutritious growth. Themeda triandra also needs to be managed to 
prevent its dislike of continuous grazing (Langford et al. 2004). A number of the grasses are 
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also shade tolerant (such as some Austrodanthonia spp., Elymus scaber and Microlaena 
stipoides) and provide good green feed during winter and spring. 
Rogers et al. (2005) suggest that salt-tolerant perennials, including native species that are 
unsuitable for grazing, mainly due to low palatability or nutritive value, may also play a valuable 
role in revegetation programs. They provide extensive lists of high priority grasses, legumes and 
shrubs for salt and waterlogging tolerance through an extensive search of published literature, 
available data bases and discussions with other expert researchers.  The grass species they list 
that are relevant to this research include five species of Austrodanthonia, Bothriochloa macra, 
Cynodon dactylon, Elymus scaber, Poa poiformis, and a number of species of Sporobolus. 
Others report similar (Aronsen 1989; Rogers et al. 1996; Marcum 1999, Yensen 2002; Semple 
and Cole 2002; Brown and Rogers 2003; Semple et al. 2003, 2004, 2006). 
Furthermore, these perennial grasses provide the additional benefit of reducing the evaporation 
rates from the soil surface and consequently, the evaporite deposition and salinity levels. The 
lack of biota is thus considered to be a requisite condition for elevated salinity levels. Andrews 
(2006) described similar on his Hunter Valley farm. Interestingly, the NSW Commissioner for 
Natural Resources in 2010, and ex-chief of CSIRO Land and Water, Professor John Williams, 
also recently stated that “To address dryland salinity in eastern Australia biodiversity 
conservation outcomes should be the focus for management” (Williams 2010). Due to the 
landscape heterogeneity and possible ecotype variations (Odum 1993) seed for remediation 
and revegetation activities should be sourced from the localized mature plants (i.e. local 
provenance). Clearly, more work is required that investigates the use of endemic grass species 
at degraded sites across southern Australia, particularly those commonly associated with soils 
with elevated salinity levels. 
An alternative to using grazing to manage the native grasses (or exotic if required) is slashing 
(or mowing), which could be performed to maximize both productivity and species diversity, as 
suggested by Hobbs and Huenneke (1992). This would reduce certain impacts caused by stock, 
such as soil disturbance (compaction and trampling), plant removal by the roots and preferential 
grazing of particular species. Although the mowing would not create the heterogeneity that 
grazing does, it provides mulch (litter) for the soil surface which may assist reducing the 
evaporative potential and also provide a more favoured environment for seedling germination 
and establishment. The technique is therefore likely to be beneficial at these sites. Different 
mowing techniques and regimes could warrant further investigation, including those which 
enhance heterogeneity (i.e. mow in patches), if this was an objective. Importantly, it has also 
been shown that invertebrates recover quickly following mowing as compared to grazing due to 
the reduced disturbance levels (Curry 1994). 
Although not discussed previously in the thesis, and of limited occurrence on the Southern 
Tablelands of NSW, including the salinised sites investigated for this research, management 
activities utilising halophytes, such as chenopods (i.e. various saltbush) may also be a viable 
alternative, as they have been very successful at remediating other salinised sites in similar 
landscapes across southern Australia (e.g. Malcolm 1974, 2005; Greenwood and Beresford 
1980; Runciman 1986; Barrett-Lennard et al. 1986; Barrett-Lennard 2003). They serve a 
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number of purposes, including reducing soil surface evaporation and waterlogging, improving 
soil structure with deep root systems, providing habitat for a myriad of animals and supplying 
valuable fodder for stock.   
Therefore, to summarize the important considerations for most salinised site management 
activities on the Southern Tablelands of NSW and indeed many other southern Australian 
upland sites affected by dryland salinity, both localised water and soil management is crucial. A 
site review is undertaken investigating the history, stock regime, soils, hydrology and vegetation 
so as to develop a ‘Holistic Site Specific Management Plan’. This involves; 
1) Correctly evaluate the site as being primary and/or secondary. This will have management 
implications, namely, managing a natural situation (which may involve returning the site to 
the original state) and/or remediating a degraded site to a less degraded one. Both cases 
involve consideration of future use. 
 
2) Stock exclusion (sheep, cattle and horses) with fencing and strategic concomitant 
productivity management. 
 
3) Soil ‘above ground’ remediation activities, generally involving soil hydrology works with the 
objective to reduce and/or direct overland flows (runoff) and retain water and nutrients, 
including organic matter, such as litter, on site 
 
4) Soil ‘below ground’ remediation activities involving soil amelioration works to address the 
physical, chemical, hydrological and biological parameters, with the objectives of recovering 
the soil structure and pedality, thereby improving infiltration, porosity and aeration, hence 
leaching of accumulated surface salts; reducing the surficial and subsurface interflows 
through the A horizon, hence retaining water and nutrients; increasing soil organic matter 
and microbial activity (litter and humus); increasing calcium levels with gypsum application 
and reducing sodium levels, in addition to chlorine and possibly bromine; improving 
(neutralising) the generally alkaline pH levels, commonly with lime. 
 
5) Reducing the soil evaporation potential which essentially requires addressing the factors 
related to the Soil Evaporation Potential Index (Table 12.4), the recommended ideal 
practices involve revegetation activities in association with point 3, using endemic 
groundcovers (grasses) and overstorey (eucalypts), concentrating on E. melliodora and 
trialing the ‘long-stem tubestock’ methodology described below. The ‘raised bed’ technique 
could also be trialed in scalded areas described also. These techniques can be associated 
with farm forestry objectives. The revegetation will also assist retaining and reducing 
surface and subsurface flows and provide a number of other benefits.  
 
Lastly, as endemic fauna is also a priority, and foxes are prevalent across the region, baiting 
with Foxoff 1080 should also be performed, regularly and strategically. The more landholders 
that bait, the better the outcome will be (Ken England pers. comm. 2002). 
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These activities are summarised in Table 12.11. Positive results should be expected within a 
few years. Numerous examples have been shown where remediation activities involving on-site, 
localised revegetation combined with soil amelioration activities, and strategic grazing 
management, as described here, drastically improve degraded and salinised sites in the region 
(e.g. Nicholson and Seis 1993; Wagner 2001; Hufton 2002; Weatherstone 2003; Reid 2006; 
Bellamy 2007; Crosbie et al. 2007; Marsh 2009). Fifield and Streatfield (2009) describe a site at 
Binalong on the Southern Tablelands of NSW which was heavily cleared in the 1950’s with 
exotic pasture species sown for intensive grazing practices. Soil degradation (with elevated 
salinity levels) was exacerbated following bushfires in 1989 which apparently killed many of the 
remaining scattered trees. The site was direct seeded with endemic species in 1994 and in just 
two years, salt levels were declining and after seven years, levels had reduced to a point where 
the salt problem had gone; the site virtually rehabilitated. Other success stories across the 
region using this holistic approach to management include John Weatherstone’s property at 
Gunning (Weatherstone 2003), David Marsh’s property at Boorowa (see Marsh 2009; Crosbie et 
al. 2007) and Danny Fogg’s property (Figure 12.7) at Frogmore (Bann and Field 2006e). Many 
other examples also exist (Brian Cumberland pers. comm. 2004; Rex Wagner pers. comm. 
2006), including from other states (Oldfield 2001; Paulin 2002; and Malcolm 2005). (Figure 9.12).  
 
Table 12.10. Management practices and subsequent implications based on the Rising Groundwater 
Model (adapted from Bann & Field 2007). 
Management practice Implication 
Planting trees on hills  
(so called ‘recharge’ 
zones) 
The assumption that this simple, unified activity will address most situations 
– that is, trees will ‘soak up’ ‘excess’ water (during all seasons) before it 
reaches the groundwater system. However, in reality, watertables should fall 
quickly due to gravity on the hilltops following rainfall hence tree growth 
subsequently declines, therefore allowing low evapotranspiration rates much 
of the year (on the hills). Tree species on the hills are usually slow growing 
due to the poor conditions such as low fertility, moisture and soil in general 
– This technique is therefore laborious, costly, non-strategic and likely of 
little relevance for the purpose 
Planting exotic species 
(or hybrids) in 
‘discharge’ zones 
Assumptions that exotic grass and tree species are better suited (adapted) 
to these sites than native species and will soak up excess water, thereby 
reducing the salinity levels. Weed problems are overlooked, fertilisers and 
insecticides are often required, hence the system is unsustainable, 
particularly in an EEC - evidence for the preferred use of exotic over 
endemic species is lacking and likely to be a fallacy anyway. Endemic spp. 
should be preferred for both remediation and productivity. Additionally, 
failure (mortality) is often the outcome as soil health and conditions are 
unsuitable for plant survival. 
Concentrated tree 
plantings along fence 
lines 
Again, the assumption that trees will still soak up excess water in locations 
where they cannot reach the (ground) watertable, and recharge along fence-
lines is likely to be minimal  
– This technique is also therefore laborious, costly, non-strategic, and most 
probably irrelevant for the purpose. However, the tree belts are likely to be 
beneficial for other purposes, such as retaining water and nutrients, 
increasing infiltration and creating shade and wind protection. 
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Table 12.11. Management practices and implications that are based on the Surface Water Model (SWM). 
(adapted from Bann & Field 2007). SEPI is the ‘Soil Evaporation Potential Index’. ‘Long-stem tubestock’ is 
described in the following section. 
Management practice based on the SWM Implication 
Strategically exclude domestic stock (fence-off) 
from the degraded areas. Strategically short 
term graze only when appropriate, depending 
on season/ climate/ productivity/ pasture 
Allows regeneration and revegetation to succeed, 
hence assists site recovery. Avoids further soil 
degradation and salinity. Also provides maximum 
productivity 
Appropriate soil management works to reduce 
overland flow and interflow and retain water 
and nutrients (may include ripping, contour 
banks, log bars, addition of SOM) 
Reduces amount and velocity of flow hence reduces 
soil erosion and retains topsoil (A horizon), improves 
infiltration, water and nutrient retention, seed bank 
and germination.  
Ameliorate soil ‘health’ (which often includes 
the above activities in combination with 
gypsum and organic matter incorporation) 
Improves soil structure and infiltration, increases CEC. 
Also addresses soil chemical toxicities and 
deficiencies, namely, reducing Na, Cl, Br, SO4, NO3, 
and Al and increasing Ca, C, N & P. Increases soil 
microbial activity & reduces the SEPI (hence salinity) 
Planting endemic trees and grasses across the 
landscape (with the appropriate grazing 
regimes = stock exclusion). Use of local 
provenance seeds or recruits. 
Increases soil water and nutrient retention across the 
landscape. Improves surface conditions for soil 
biodiversity (humus/organic matter) and plant growth. 
Provides shade and shelter for livestock (& other 
biota) and crucial habitat for native species. Also 
reduces soil erosion and the SEPI (hence salinity) 
Planting endemic trees, shrubs and grasses in 
and around scalded areas and ‘discharge’ 
zones (i.e. seasonally swampy areas), with the 
use of local provenance plants (including 
trialing the use of halophytes) 
Intercepts water flowing onto (surface) and into 
(interflow) scalded areas and improves soil quality, 
reduces surface water ponding, increases soil 
microbiology, increases carbon, nutrient and soil 
water retention, increases habitat for biota and 
reduces the SEPI (hence salinity) 
Planting local provenance native long-stem 
tubestock in and around scalds (i.e. 
propagated from local seed). 
Allows plant roots to develop a large root mass below 
the soil surface in less hostile conditions which 
provides many benefits (i.e. usually less salinity, 
compaction, exposure and erosion, temperature 
extremes, competition with groundcover) 
For severe cases, strategically use slashing or 
mowing to manage the fenced off groundcover 
instead of grazing 
Manage grasses for high productivity, reduces  
trampling damage and increases the amount of 
surface litter and SOM, hence the SEPI (and salinity) 
 
These management practices also comply with the monumental work of Harry Whittington OAM 
(Whittington 1976) in Western Australia, who used similar concepts to successfully manage his 
unproductive saline ‘seepage’ (discharge) zones (Paulin 2002). His work involved monitoring 
surface water and groundwater levels on his Wheatbelt property, on which he found that 
groundwater had no association with the problem. He identified that the main concern was 
many years of conventional cropping practices had created an impermeable clay plough pan 
which prevented water infiltrating the soil. Instead, it escaped as runoff and soil through-flow, or 
interflow on top of the clay pan, the same situation that occurs within the duplex soils of the 
Southern Tablelands of NSW, although the B horizon represents the impermeable clay plough 
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pan. His remedy involved constructing water retention drains below these pans and planting 
shelter belts on the slopes to address the soil degradation and hence increase, rather than 
decrease, the recharge. This effectively increased infiltration, soil organic matter and soil water 
and nutrient retention. Strangely, this seminal research was dismissed as being inapplicable by 
Henschke and Bessell-Brown (1983) and Henschke (2001), who evaluated a number of 
remediation projects and the success of these activities, based on the premise of the concepts 
derived from the rising groundwater model, that is, all focus was on the deep groundwater and 
whether the ‘treatment’ affected it (i.e. evaluating the success based on irrelevant criteria). This 
was despite the fact that a number of improvements were achieved and the activities had 
nothing to do with addressing rising groundwater, rather, managing surface water and improving 
soil quality. Similarly to the research region, a number of farmers still successfully use this 
methodology, despite this government report (Clive Malcolm pers. comm. 2006). 
 
a)  b) 
 
 c) 
Figure 12.7. Soil amelioration activities and shelter belt, Frogmore. The site has been successfully 
remediated by focusing on surficial management, rather than attempting to address hypothetical shallow 
saline groundwater. 
a) An old degraded scald area on private land (Frogmore, north of Boorowa) which has had considerable 
remedial work performed, principlely, stock exclusion, soil amelioration activities and surface water 
management (including planting a belt of trees above the scalded area)  
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b) Photo taken to the immediate right of Figure 12.6a, showing the shelter belt of eucalypt species (farm 
forestry), with the objective to increase and retain soil organic matter and rainfall, hence nutrients, thereby 
reducing water runoff and ponding onto the lower scald area to the left (and improving the health of the 
soil). The grass in the foreground is exotic (tall wheatgrass), although, it is achieving the desired outcome 
in the rehabilitation process. 
c) Property manager, Danny Fogg from Frogmore (north of Boorowa), displaying the improved ‘health’ of 
the A1 (and A0) horizon, achieved after just a few years of holistic management. Note the complete soil 
cover (A0 horizon), thus reducing the soil evaporation potential. The salinity of this soil was negligible. 
 
 
As it appears that sites visited in other southern Australian states have similar causation 
process operating, it is likely that the same suggested management activities will be beneficial. 
Further work should be performed that tests these recommendations, using the recommended 
indicators (such as the SEPI) to monitor and evaluate changes over time, whether for the better 
or for the worse, that gauge the effect of ameliorative actions. 
Although it is argued that the management activities based on the rising groundwater model 
presently applied to the situation are considered inapplicable for attempting to address the 
localised degradation problem and associated elevated salinity levels, some of these activities 
are likely to be complimentary to the activities used for the Surface Water Model. These include 
planting shelter belts (i.e. along fences), which may improve surface water and SOM retention 
(effectively reducing runoff to sump areas of the landscape where subsequent evaporation 
proceeds), and planting exotic species such as tall wheatgrass and tree hybrids in and around 
the degraded areas, which is arguably better than not planting anything at all (Semple et al. 
2008).  
Finally, as the number of remaining Yellow Box Red Gum Grassy Woodland remnants that are 
in relatively good condition (i.e. low levels of disturbance) are extremely rare, the initial 
management criteria should focus on these remaining fragmented patches. The management of 
the salinity expressions is therefore secondary, and involves a holistic approach to ameliorating 
the degraded soil and vegetation. Grazing management is paramount in this process. In many 
cases where the soil surface is in such a poor condition that any trampling will cause further 
degradation, then total exclusion may be appropriate. Other forms of restricted grazing require 
that the frequency and intensity is the most appropriate for the life histories of the endemic 
species present. 
 
12.6.1. Farm Forestry 
 
Farm agroforestry is an important activity on the Southern Tablelands of NSW (e.g. Webb 2000; 
Harwood and Bush 2002; Mylek et al. 2006; May et al. 2006; Walker and Field 2006; Roberts et 
al. 2006: Turner et al. 2009), with many documented benefits. The benefits of revegetating 
saline land include carbon sequestration, erosion control, flood mitigation, improved wildlife 
habitat and biodiversity (Salt et al. 2004), increased litter and soil organic matter, reduced 
surface evaporation, improved aesthetics and water use (Repp 1961; Szabolcs 1989; Malcolm 
2005). Converting a degraded and salinised liability into a relatively productive area also has 
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obvious economic (productivity) benefits (Figure 12.8). Sites with plantations and revegetation 
at previously degraded salinised areas were observed to have better quality soils, that is, better 
soil structure, less compacted, more permeable, more soil organic matter (and litter), and 
greater microbial activity than the adjacent soils devoid of vegetation. Reduced surface soil 
evaporation rates are also likely. This was seen at Site 6 (Yass River TSR) where small 
plantations are thriving following stock exclusion and soil management activities (Figure 12.8c. 
Retaining existing E. melliodora and planting trees also provides many benefits, as shown in 
Table 12.12, including biodiversity conservation (for the EEC) and supplying habitat for many 
rare and threatened species (Gibbons and Boak 2002).  
 
a)  b) 
 
 c) 
Figure 12.8. Farm Forestry plantations. 
a) Farm forestry plantation for salinity control, using hybrid eucalypt species, near Murrumbateman, south 
of Yass (near Site 6). 
b) Farm forestry plantation for salinity control, Jerrawa, north east of Yass. Note the large central eucalypt 
suffering from dieback – which no doubt, would be blamed on salinity (that is saline shallow groundwater). 
c) Farm forestry plantation using E. melliodora, Site 6 (Yass River TSR). Two parallel research transects 
were set up in this plantation. The bare area is due to track erosion, despite looking like a scald. The 
trees are healthy and the soil is also in relatively good condition, with negligible salinity levels. Salinity is 
not an issue for this plantation. 
 
 
353 
Considering that the PEAmeter indicated the likelihood that E. melliodora exhibits salt tolerance, 
which agrees with observations, and are arguably the predominant species along the drainage 
lines on the Southern Tablelands of NSW of the enlisted Endangered Ecological Communities 
(Yellow Box Red Gum Grassy Woodlands and White Box Yellow Box Red Gum Grassy 
Woodlands), they should be the predominant species used for remediation activities, including 
farm forestry plantings. Bann and Field (2006b,e) discuss the benefits of using E. melliodora, 
which are summarised in Table 12.12. It is also proposed that these results are applicable 
across similar landscapes, particularly the grassy woodlands of the Southern Tablelands, as the 
fauna and flora distribution range is considerable and some major variables (e.g. climate, soils, 
and vegetation) are relatively uniform across a broad area. Moreover, E. melliodora have also 
been used successfully as a salt tolerant species for remediation activities in other countries (El-
Lakeny et al. 1986). As E. blakelyi and other eucalypt species (e.g. E. cinerea, E. viminalis, E. 
rubida, E. bridgesiana) also show a tolerance of increased salinity, they should also be included 
in remediation activities. 
 
 
Table 12.12. Summary of the benefits provided by E. melliodora for remediation activities on the Southern 
Tablelands of NSW (adapted from Bann and Field 2006e) 
Benefits Comments 
Useful timber (fence posts, 
firewood, woodturning) 
Farm forestry species 
The timber is hard & durable for fence posts and desirable for making 
furniture. It also makes excellent firewood. Trees grow tall and straight 
when planted relatively close together, making them an ideal farm forestry 
species, worthy of further trials. 
Honey production It is a prized tree targeted by apiasts, producing the popular honey  
Nectar – feed source The flowers produce an abundant source of nectar utilised by many 
animals; invertebrates and vertebrates. 
Biodiversity –  
EEC (endemic species) 
The trees increase landscape biodiversity, such as providing shelter and 
benefits for many animals; shrubs and groundcovers in addition to providing 
genetic diversity. It is also one of the two main species in the listed EEC.  
Dieback resistant It is relatively dieback resistant, appearing to suffer less than E. blakelyi in 
the same situations and may also reduce the effects of dieback of young E. 
blakelyi when growing above (over) them. 
NRM and salinity 
revegetation activities 
(very hardy) 
They are relatively salt tolerant, in addition to being drought (& heat) and 
frost tolerant and do not require fertilizers. Having a relatively thick canopy 
provides shade and reduces the soil surface evaporation. They are also fire 
tolerant, possessing a lignotuber. 
Soil benefits for salinity 
management 
Infiltration rates (hence the leaching of salts) are often the highest beneath 
trees which equates to reduced salinity levels. Soils are usually ‘healthier’ 
beneath trees, with a thicker A horizon, higher amounts of litter, SOM and 
SOC, better structure and, the benefits associated with these factors. The 
soil evaporation potential is also reduced. 
Long-stem tubestock They have been successfully grown using the long-stem tubestock 
technique and used successfully for remediation projects 
Aesthetics They are an aesthetically pleasing tree, growing as both woodland or forest 
forms 
Adaptivity The extreme variance with the phenotype (leaves/bark) may indicate similar 
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genotype variation, with increased adaptability to altered environments. 
  
It was observed that E. melliodora is a highly variable species, with a range of phenotypes 
possible, which sometimes makes it difficult to identify. This is particularly with reference to the 
highly variable bark type, which ranges from being almost entirely smooth (i.e. gum type), 
through to flakey (i.e. box type), to a more deeply furrowed dark bark (i.e. similar to mahogany 
or iron bark species) (see Brooker and Kleinig 2001 p7). The leaves also show a large range in 
morphology and colour, two other important features used for Eucalyptus species identification. 
Leaf colour ranges from slate grey through to light green, and these appear to change 
seasonally. Leaf shape ranges from elliptic and ovate, particularly the juvenile leaves, to broad 
and narrow lanceolate. They can grow as both a tall forest form tree and shorter and broader 
woodland form. Lindenmayer et al. (2005) indicate that E. melliodora hybridizes with E. 
polyanthemos, which can also have similar morphological features. This may account for some 
of the E. melliodora variability.  
Lastly, Odum (1993) describes how species with wide geographic ranges such as E. melliodora, 
can often develop locally adapted genetic races or subpopulations, termed “ecotypes”, with 
different growth forms or different limits of tolerance for temperature, light, nutrients, rainfall, or 
any other factor, including salinity tolerance. It is therefore quite likely that this has occurred with 
E. melliodora, in addition to many of the grass species, which is mentioned by Andrew et al. 
(2005) and Holman et al. (2003). Therefore, it is recommended to source any seed for 
remediation and revegetation activities from localised mature plants.  
12.6.2. Long-stem tubestock 
 
Long stem tube stock is an innovative propagating method developed for riparian revegetation 
in the Hunter Valley by Bill Hicks (Hicks et al. 1999; Bann 2002; Bann and Field 2006e, 2010b; 
Chalmers et al. 2007; LLPMC 2007, 2008; Dreesen and Fenchel 2008). Tube-stock are 
strategically propagated to procure a healthy extended stem which allows transplantation to a 
greater depth in the soil (usually 60-90cm depth), with the following advantages;  
1) the roots are less likely to suffer from desiccation and temperature extremes;  
2) the roots are less likely to suffer from groundcover competition, if present,  
3) the plants are more likely to develop a substantial root system (roots develop from leaf 
nodes), a feature which must be considered beneficial and  
4) the plants are less likely to be adversely affected from soil removal during erosion 
processes and arguably, less affected by adverse soil surface conditions induced from 
stock grazing and consequent soil degradation, including elevated salinity levels.  
 
It is therefore suggested that the long-stem tubestock methodology is likely to be beneficial for 
revegetation activities at degraded salinised areas (Hicks 2003), particularly scalds, as the 
elevated levels of salts are usually contained within the top few centimeters of the soil surface 
and ongoing surface erosion is unlikely to harm the deeper root systems. One possible problem 
is that the pH is often alkaline in the deeper profile, thus this should be measured and treated if 
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necessary, or perhaps trials conducted investigating pH toxicity to the roots of endemic species. 
Observations do suggest however, that endemic species are indeed tolerant of these alkaline 
conditions. 
Raised beds 
A possible improvement to this methodology, which was originally developed for coastal riverine 
(riparian) conditions where soil depth and structure is generally not a concern (Hicks et al. 1999), 
is to plant the long-stem propagated sapling into an area built up on the surface with additional 
‘topsoil’. A similar technique has been successfully trialed in Western Australia using normal 
tubestock in raised beds to improve the soil conditions, particularly the structure, prevent 
waterlogging and increase productivity on duplex soils (Hamilton 1995; Bakker et al. 2005). The 
bulk density and steady-state infiltration rate of the treated plantings indicated considerable and 
lasting improvements in soil structure in the beds, with the reduced incidence of waterlogging in 
the raised beds. The raised beds also achieved an average increase of 18% in grain yield for a 
variety of crops across a range of climatic conditions and duplex soils (Bakker et al. 2005). The 
primary objective is to avoid the problem of planting the tree directly into the undesirable B 
horizon (subsoil), which at scalded areas is usually close to, or at the surface. The additional 
soil could be retained by a soil barrier of approximately 20cm depth above the scald surface, 
composed of decomposable plastic or cardboard. This soil retainer could also be used to retain 
a surface litter layer which would reduce the Soil Evaporation Potential and potentially improve 
other soil physical, chemical and biological properties. The soil retainer could be buried into the 
soil at a depth of up to 20cm which would provide a total depth of 40cm of relatively good soil 
and growing conditions. It is suspected that this methodology modification could increase the 
success rate of revegetation activities and also provide benefits which include the addition of 
‘healthy’ soil to the system, which could also include additives of important nutrients which are 
deficient in the system and required by the plant. It is therefore suggested that further trials be 
carried out to investigate the use of the long-stem tubestock method, propagated from local 
provenance seed and raised bed techniques for salinity revegetation and management activities.  
 
12.7. Salinity Mapping 
Mapping of dryland salinity received considerable prominence a number of years ago with the 
release of a technical review by Spies and Woodgate (2004, 2005) which was the focus of 
subsequent parliamentary inquiries by HRSCSI (2004) and the Senate (2006). The technical 
reviews were presented as the definitive salinity mapping reference for Australia and concluded 
that the promotion and continuation of the present activities was the best, that is, mapping deep 
groundwater and salt sources, or ‘bulges’, using the Airborne EM (AEM) technology. The 
parliamentary inquiries sought to examine deficiencies in existing programs and identify how the 
delivered outcomes could be improved. A number of submissions challenged the then present 
understanding of the salinity problem in southern Australia, particularly pertaining to the rising 
groundwater model and subsequently, the way in which it is mapped, modelled and managed. 
The main conclusions in the reports and reviews did not agree, with the parliamentary reports 
questioning the technical reviews main findings, including the currently promoted cause of 
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dryland salinity, the rising groundwater model, and the best ways in which to map it. Other 
researchers have also identified this contention (e.g. Creelman and Jankowski 2003; Tunstall 
2005; Keogh 2005; Passioura 2005; Wagner 2005; Bann and Field 2006a,d, 2007, 2010a,b; 
Coulthart 2006; Cahalan 2006). 
Despite the considerable government funding efforts directed towards the AEM methodology 
and technology and the associated promotional reports (e.g. George 1998; George and Green 
2000; George et al. 2000; Lane et al. 2000; 2001; Lawrie et al. 2000; George and Woodgate 
2002: Spies and Woodgate 2005), this research clearly indicates that for management purposes, 
the applicability of the AEM data is questionable in these landscapes. The case is also likely to 
be the same in most other upland environments. Despite all the promotion regarding the AEM 
technology, no convincing evidence was found in the literature that confirms the applicability of 
AEM data to manage localized, degraded salinised sites in upland landscapes. The AEM 
method focuses on gathering generally expensive, multifactorial and generally irrelevant 
information for the required purpose, obtained from unrelated regolith depths, bearing in mind 
that the research results indicated that soil surface attributes are inversely related to the EM 
depth response, and at inappropriate scales. The AEM does not detect local scale (spatial, such 
as between Patch Types) variability, which is required at small scale and localised upland sites 
(Wagner 2001, 2005; Meadows 2008). As the salinity problem is predominantly a surface soil 
degradation issue, mapping the surface attributes has to be the main consideration. The EM38 
utilised on a site-by-site basis is therefore the likely choice for relatively quick and meaningful 
information, perhaps in conjunction with aerial and/or satellite imagery (i.e. photography). 
However, as many factors affect the EM response, a prior knowledge of the system is required, 
including knowing beforehand if the site is saline or not. The application of the Soil Evaporation 
Potential Index indicators recommended herein should also be a priority for site specific 
management activities and where possible, incorporated into the mapping objectives. 
Finally, it is also useful to use aerial and satellite imagery, to assist with the identification of what 
is likely to be a primary or a secondary salinity expression, as this is also an important 
consideration for management. 
 
12.8. Dryland salinity and climate change 
As rainfall is the principle provider to transport the ions that induce the elevated salinity levels, 
and evaporite deposition is controlled by a number of factors that are associated with climate, 
hence climate change, such as increased temperatures and winds, a brief discussion of the 
effects of climate change on upland dryland salinity is provided. Steffen et al. (2009) suggest 
that dryland salinity could be affected by the changes in the timing and intensity of rainfall 
associated with climate change however, they do indicate (Table 5.5 p141) that there is a 
knowledge gap regarding the understanding of any climate change impacts (i.e. “magnitude of 
interaction and synergies”) of salinity on terrestrial ecosystems with existing stressors such as 
grazing, clearing, invasive species, fire, water extraction and disease. Kefford et al. (2009) point 
out that despite recent research investigating important components of the system, considerable 
uncertainty limits predicting the impacts, if any, of climate change effects, including salinisation, 
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on aquatic biodiversity. Campbell (2008) claims that scalded areas are actually contracting in 
area as groundwater levels are decreasing (due to the recent drought), “It is likely that a 
warming, drying climate across southern Australia will reduce the symptoms of secondary 
salinisation and its impacts on dryland agriculture”, although no objective data is provided, nor 
examples, and this also disagrees with all reports that suggest that dryland salinity is still 
increasing at various rates (e.g. Summerell et al. 2009; DECC 2009). Moreover, it ignores the 
predicted increased air and soil temperatures, which will theoretically increase evaporation rates 
and evaporite deposition. Depending on the situation, the effect of reduced annual rainfall may 
have different effects on the soil salinity levels, ranging from a decrease to an increase, or, no 
change in concentrations. The present knowledge of the system does not allow such predictions 
or conclusions. Additionally, the possible addition of increased salt laden dust during more 
regular dust storms may also need to be factored into the equation.  
Results from this research indicate that the effects of climate change on dryland salinity may not 
be straight forward, as although the amount of (deeper) water in the landscape is predicted to 
decline as a consequence of reduced rainfall, the rate of soil surface evaporation should 
theoretically increase (i.e. the potential evaporation) due to the predicted increase in air and soil 
temperatures, as long as there is sufficient surface and soil water available to transport and 
evaporate. It is likely that this water, when available during wetter periods or seasons, will have 
elevated salinities as the time interval between these wet periods is likely to be extended, hence 
flushing of the system becomes less frequent. It should also be noted that areas presently 
subjected to primary salinity, such as from natural springs (discharges), swampy areas or 
ephemeral drainages, may have increased or decreased salinity levels, depending upon the 
individual circumstances of the particularly site. Predictability of impacts is therefore uncertain. 
The effect of increased temperature due to those predicted for climate change on soil salinity is 
related to increased heating of the soil surface affecting the evaporation rates, condensation 
and diffusion of vapor and the transport and precipitation of salts (Bear and Gilman 1995). If 
water availability is not limiting the evaporation, the situation will be exacerbated, or get worse. 
Therefore, the suggestions that outbreaks will reduce in size and severity, are likely to be false, 
which will only cause further problems for management priorities. Further work is therefore 
necessary investigating these issues. 
 
12.9. Future research 
Careful consideration must be given when identifying suitable sites for dryland salinity and 
terrestrial biota studies. Designing a project to identify the threat of salinity to biodiversity 
requires holistic measurements that focus on the multifaceted underlying processes and causes.  
The implication in previous salinity research that assumes that impacts observed to occur in 
association with changes in salinity levels are directly caused by the elevated salinity levels, are 
invalid. Salinity cannot be addressed simply as unifactorial in a complex synergistic 
multifactorial system where other factors are probably as important or indeed, more important.  
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Finally, a number of relevant and important questions are identified for future research 
directions are provided in Table 12.13. 
 
Table 12.13. Further research questions, concepts and predictions. 
Questions and research focus Prediction 
Salinity process  
What role does hydrology play in dryland salinity 
expressions on the STNSW? This would involve more 
thorough and numerous piezometer installation and 
monitoring and measuring runoff (and interflow) attributes 
(i.e. amounts and composition). 
Most scalds are caused by surface hydrology 
rather than shallow groundwater 
What are the effects of stock grazing on upland salinity 
expressions? The LFA and Soil Evaporation Potential 
Index (SEPI) indicators could be trialed as monitoring 
techniques, in addition to fence enclosure and grazing 
regime trials. 
Stock grazing, especially intensive, can have 
dramatic effects on salinity expressions, by 
increasing the scald size and destroying 
remediation efforts. Stock grazing is usually 
the predominant cause of degradation which 
often initiates the scald forming process. 
More rigorous surveys investigating and quantifying 
surface evaporation rates on scalded and non-scalded 
areas including an investigation of the correlation with the 
SEPI indicators. Bare surfaces could be made in 
grasslands to produce scalds, and monitor the change in 
soil attributes over time, compared to adjacent 
grasslands. 
Surface evaporation rates will be significantly 
higher on bare scald surfaces than adjacent 
vegetated areas, across small spatial scales, 
which the SEPI indicators should detect.   
Salinity and biota  
What are the species assemblage and functional group 
changes as one moves from a degraded scald with 
elevated salinity levels to a non-degraded area (i.e. 
grassland or woodland) and from a degraded area (bare 
patch) without elevated salinity levels to an adjacent 
vegetated area, and are the differences the same? The 
same experiment could be conducted across grazed/non-
grazed fence lines. And does the ‘intermediate 
disturbance’ hypothesis (Connell 1977) apply at the 
edges (boundaries)? 
Taxa changes will be evident moving across 
boundaries and alpha biodiversity levels are 
likely to increase across this boundary. 
Are there invertebrate successional stages associated 
with scalds, particularly ants? 
Depending on the stage of degradation, or 
recovery, ant (and other taxa) assemblages 
will change temporally and spatially 
Is there an association between the size of the scald 
(severely degraded area) and species assemblage 
present within the scald?  
The centres of larger scalds are lacking in 
biodiversity, being predominantly predators 
Do endemic species show salt tolerance and adaptations 
to elevated salinity levels? Are endemic earthworm 
species more tolerant than exotic species of degraded 
salinised conditions? 
Endemic flora and fauna species show 
tolerance of elevated salinity levels as they 
have coevolved with such levels and contain 
adaptations beneficial for such conditions. 
What role do pH levels play on biota in degraded 
landscapes and do plants actually grow in soils with a pH 
>10? What induces extreme alkaline conditions? Is 
NaOH or KOH involved? 
Extreme levels of pH play a significant role 
on biota persistence in these landscapes. It 
is likely that either NaOH or KOH are 
involved with these pH alkalinities. 
Management of salinity  
Is the use of endemic grass and tree species a useful 
alternative for revegetation activities in Yellow Box Red 
Gum Grassy Woodlands on the STNSW?  
A number of grass and trees, especially E. 
melliodora should be utilised more. 
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Is the long-stem tubestock method in conjunction with 
raised plantings a viable method for revegetation 
(remediation) activities at scalded areas on the STNSW? 
Long-stems will show a high survival success 
rate following appropriate planting at 
degraded sites with high surface salinities. 
Is mowing or slashing a viable alternative for endemic 
pasture management at scalded areas on the STNSW? 
Grass slashing around scalds will assist 
vegetation recovery of the scald in addition to 
managing the productivity of the grasses 
Is stock exclusion and management activities that involve 
on-site soil and vegetation remediation a viable 
alternative to rehabilitate upland scalded areas in 
southern Australia? 
The combination of these activities will assist 
site remediation and recovery 
Does this research apply to other regions (i.e. Hunter 
Valley and NTNSW) and other southern states? 
The research should apply as similar 
situations and factors are apparent at many 
upland sites across all southern states. 
Does gypsum and SOM incorporation remediate 
degraded, salinised soils? 
The incorporation of gypsum and SOM will 
improve conditions relatively easily, quickly 
and economically. 
Can reliable EM inversion profiles be produced from the 
EM measurements in these landscapes and are the 
profiles produced by the depth ratios of more benefit than 
those produced by the inversion? 
EM surveys can be taken to gather additional 
depth readings to produce rapid and 
accurate additional data with better quality 
and more meaningful depth weighted ratio 
and inversion profiles. 
Do the various EM depth ratios correlate with any of the 
abiotic and biotic indicators? As the shallow EM surveys 
show potential for degradation surveys in these 
landscapes, it is likely that the depth weighted ratios 
would show stronger correlations with the measured 
indicators, hence benefit ecological and landscape 
degradation surveys. 
The use of the depth weighted ratios would 
be an efficient and time saving analysis 
technique to enhance understanding of 
ecological and landscape attributes in these 
landscapes. 
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CHAPTER 13.  
 
CONCLUSIONS. 
A number of conclusions can be drawn from this research, with the questions and hypotheses 
being addressed. 
Questions 1 & 2 
What are the dominant mechanisms for the formation of dryland salinity expressions on 
the uplands of SE NSW, or, what are the likely causes? 
Are these mechanisms predominantly ‘top down’, associated with degradation, or 
‘bottom up’ associated with rising saline groundwater? 
And Hypotheses 1 & 2 
Abiotic and biotic attributes at sites affected by dryland salinity at grassy woodland 
upland sites of SE NSW are associated with surficial, top down degradation processes 
Alternative hypothesis: Salt affected areas in upland landscapes are universally caused 
by rising saline groundwater tables, in other words, a ‘bottom-up’ process 
No evidence using soil physical, chemical, hydrological and biological indicators was identified 
that showed that shallow groundwater systems were a problem nor the cause of the soil surface 
degradation and apparent dryland salinity at these upland sites. All of the evidence indicates top 
down processes causing the soil and vegetation degradation. The predominant hydrological 
activity occurs as runoff and lateral surface flows, or interflow through the A horizon, above the 
semi-impermeable B horizon, on duplex soils of upland landscapes. This concurs with the 
conclusions of a number of previous workers. The problems arise due to poor land management 
leading to soil and vegetation degradation. 
Many significant associations were identified likely to be linked to soil degradation or soil ‘health’ 
and elevated salinity levels. These included altered pH and EC levels, increased compaction, 
increased slaking and dispersibility, reduced litter and soil organic matter, reduced microbial 
respiration, reduced and altered fungal and bacterial biomass, reduced nutrition such as low 
levels of N, P, C, and altered (deficient or toxic) cation and anion concentrations. Although 
elevated EC levels are often associated with generally low indicator levels, these low levels are 
found at all EC levels, including negligible amounts. This indicates that elevated salinity levels 
are not the primary cause of the soil surface degradation. Rather, elevated salinity is just one 
amongst many symptoms of soil and vegetation degradation. It is obvious that these degraded 
ecosystems are stressed as shown by the numerous abiotic and biotic indicators.  
In some cases, sites that appear to be degraded and highly disturbed, where salinity is 
presumed to be a problem, often had low or negligible salinity levels and show no other signs of 
salinity impacts. This indicates that degraded sites that appear to be scalds, or that appear to 
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have elevated salinity levels, can indeed have low salinity levels, hence salinity levels are 
unlikely to be the cause of the degradation. 
It is therefore concluded that salinity is highly heterogeneous, laterally (across metres or less) 
and vertically (centimetres) and temporally, dependent upon many factors but generally 
associated with increased surface evaporation processes on degraded soils. These landscapes 
have naturally polyhaline and sodic soils. Therefore, to understand the location and origins of 
soil salinity, many measurements are required across the site preferably from different depths, 
and from different seasons.  
Salinised sites on the uplands of southeastern NSW are generally small, localized and 
associated with intensive stock grazing. Evidence indicates that the cumulative effects of 
historical and present land management activities, especially stock grazing have altered the soil 
physical, chemical and biological attributes, degrading the soil and vegetation, with the resultant 
increased surface evaporation inducing elevated salinity levels at some soil surfaces. It is not 
the salinity per se. Scalds can form within and/or upslope from relatively healthy woodlands, 
with no apparent impacts to the vegetation. Many scalds are located along old vehicle tracks 
and stock fencelines, where the topsoil (A0 and A1 horizons) are compacted and/or totally 
removed. In some cases, the A2 horizons are also affected, exposing the clay rich B horizons. 
The bare areas have commonly been caused by soil and vegetation degradation and the 
elevated salinity levels are just one of numerous other symptoms, they are not the cause. 
Groundwater need have nothing to do with it. 
Therefore, the null hypothesis that expressions of dryland salinity in upland landscapes are 
universally caused by rising saline groundwater tables, is rejected. 
 
Questions 3 & 4 
Are dryland salinity expressions linked to endemic fauna and flora mortality? In other 
words, is dryland salinity a threatening process and are these expressions biological 
deserts? 
Can endemic flora species be recommended for remediation and management? 
And Hypothesis 3 
Elevated soil salinity levels (or dryland salinity) adversely impacts all terrestrial fauna 
and flora – scalds are biological deserts (i.e. dryland salinity is a threatening process) 
Vegetation cover and diversity is adversely affected by soil degradation however, the link with 
elevated salinity levels is unclear. No conclusive evidence was identified that linked elevated 
soil salinity per se with direct adverse impacts to the vegetation. Rather, evidence suggests that 
along with the soil degradation, the vegetation degradation is a precursor (cause) of the 
elevated evaporite deposition. Loss of vegetation and soil degradation provides a more 
favourable environment for increased evaporation rates and evaporite deposition, hence salinity 
formation. Therefore, salinity is a symptom of the degradation, it is not the cause nor a process 
as such. 
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Numerous endemic grass species tolerate the degraded conditions and elevated salinity levels, 
especially Cynodon dactylon. More trials are required using endemic species, especially 
mixtures of Cynodon dactylon, Austrodanthonia spp. and Chloris spp. (and Elymus) grasses. 
The extreme soil pH levels, often well above pH 8, must be a major limiting factor for the 
survival and persistence of flora at degraded sites, with both direct and indirect impacts. 
Adverse pH levels are commonly near the surface of the most degraded areas which also often 
have elevated salinity levels.  
All the endemic tree species that persist in these grassy woodlands appear to tolerate the 
degraded conditions, especially E. melliodora, making it an ideal species to focus revegetation 
activities. As the harsh conditions are usually present at the surface, the innovative long-stem 
tube-stock methodology, with modified ‘raised bedding’, should be trialed in the more degraded 
areas with elevated salinity levels. 
Although relationships were identified between the abiotic and the floral biotic indicators, 
associations with the faunal indicators were generally absent. No evidence was found directly 
linking elevated soil salinity levels per se with adverse impacts to terrestrial invertebrates or 
vertebrates, although exotic earthworms may be an exception. The contrary, many animals 
appear to favour the degraded conditions. Woodland vertebrate fauna, particularly mammals, 
frogs, lizards and skinks appear to be tolerant of degraded environments with elevated salinity 
levels (presence alone). A number of macro-invertebrate taxa also show the same tolerance, 
indeed, some even exploit it. The presence of at least three species of termites venturing into 
degraded scald areas with elevated salinities indicates that they will either tolerate or perhaps 
avoid the elevated levels. The opportunists and colonizers, predators in particular (i.e. ants, 
spiders, centipedes, wasps), including foxes, thrive at degraded and salinised areas, therefore, 
although alpha diversity may decrease at bare degraded areas, especially when large in area, it 
is apparent that a slightly different species assemblage may occupy degraded salinised areas, 
such as scalds, as compared to the relatively less disturbed adjacent grassy woodlands. Indeed, 
the highest numbers of animals were identified downslope within 10m from the most saline area 
detected from all sites visited on the Southern Tablelands.  
Therefore, it is probable that the degraded conditions and associated elevated salinity levels 
may actually increase the beta and gamma biodiversity levels when these are considered at a 
landscape or regional scale of the Yellow Box Red Gum Grassy Woodlands. It is likely that 
scale, or size of the degraded scald area, plays a crucial role, in addition to that any association 
is likely due to habitat degradation and not a causal one. Therefore, although certain fauna 
species may be adversely affected by soil and vegetation degradation, this link is probably 
associated with the concomitant reduction in vegetative biomass and soil health decline. Bare 
and barren areas support fewer species of flora and fauna. 
Foxes are present at all sites and are common across the entire region. They are therefore 
likely to be a major factor for species presence and persistence, if not the main factor. In 
addition, the presence of meat ants and wolf spiders at most degraded sites, especially bare 
scald areas, must also be a major factor determining whether an animal will survive on the site 
and indeed, reside there. 
363 
Therefore, there is no evidence to support hypothesis 3; elevated soil salinity levels (or dryland 
salinity) adversely impacts all terrestrial fauna and flora – scalds are biological deserts (i.e. 
dryland salinity is a threatening process 
 
Hypothesis 4 
Expressions of dryland salinity are highly dysfunctional, they have low rates of water 
infiltration, have unstable soil surfaces and little evidence of nutrient cycling    
Indices of ecosystem stability, infiltration and nutrient cycling and retention were all reduced at 
degraded bare and sparsely grassed areas, including those that did have and did not have 
elevated salinity levels. The adverse impact to the nutrient cycling index was greater than the 
impacts to stability and infiltration. Evidence suggests that these degraded and sometimes 
saline ecosystems are actually relatively stable mainly due to small size and abrupt boundaries 
with the vegetation however, they urgently require nutrient input, such as litter and soil organic 
matter. The SOM, soil organic carbon and N results support this conclusion. In some cases 
nitrogen can be at or near zero levels, which will likely have an impact on biota. 
There is little relationship between the three LFA indexes (stability, infiltration and nutrient 
cycling and retention) and soil surface EC levels, however a threshold may exist at ~2000 
µS/cm, where conditions become so severe functionality ceases. Although high EC levels also 
have relatively low index values, low Index levels commonly occur at all EC levels, indicating 
that the Indexes are associated with the EC levels, but the EC is not the cause of the effects, 
the association is due to the diversity of degradation processes and symptoms. Therefore, the 
degraded areas are not considered to be expressions of dryland salinity, rather, highly disturbed 
degraded areas that are sometimes associated with elevated salinity levels.  
Therefore hypotheses 4 is partly rejected, as although many scalds can be considered 
dysfunctional due to very low nutrient and SOM levels, especially compared to vegetated areas, 
some scalds are relatively stable and do exhibit functionality. Degraded patches do not 
necessarily need amelioration for salinity levels, rather, inputs of soil nutrients, particularly SOM. 
 
Question 5 
What is the most applicable conceptual causation model to explain dryland salinity 
occurrences in upland landscapes? 
As the theory regarding rising groundwater being the general cause of scalds was rejected in 
the first conclusion, the best model has to address these results and be valid. The assumptions 
identified in Chapter 2 also need to be considered. The best model needs to account for the 
surficial degradation processes and increased soil evaporation causing the evaporites to 
accumulate. This includes the changes in surficial physical, chemical, hydrological and 
biological attributes identified in this thesis. It needs to identify the cause of the degradation, 
which is predominantly intensive stock grazing, which has usually followed widespread 
landscape vegetation modification.  Additionally, it should account for salt origins, being a 
combination of meteoric (dust and rain) with innate and connate sources. The best model is 
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therefore termed the ‘Surface Water Model’, a derivative of the previous surface models, 
‘Transient Salinity’ and ‘Non-groundwater Associated Salinity’. This therefore has implications 
for the management of such sites. 
Question 6 
What activities are most relevant and suitable for the management of dryland salinity 
expressions in these landscapes? 
And Hypotheses 5 & 6 
Expressions of dryland salinity should be managed so as to remediate and ameliorate in 
situ soil and vegetation, addressing soil structure and vitality (health), surface water 
flows and groundcover, thus reducing the surface evaporation 
Null hypothesis: Expressions of dryland salinity should all be managed so as to reduce 
recharge to the groundwater table and increase the depth to the groundwater at the 
‘discharge zone’.  
Evidence indicates that on the Southern Tablelands the primary cause of salinity is vegetation 
and soil degradation (health decline) from conventional agricultural practices such as clearing 
and intensive stock (sheep) grazing. Loss of organic matter and carbon and other nutrients, 
leads to loss of soil biota, often reduced CEC, and poor soil structure with extreme slaking and 
dispersion that reduces infiltration and soil water retention and increases lateral flows of salts 
into soil water pathways. Increased soil surface evaporation rates caused by the degradation 
cause evaporites to form usually within the top few centimeters of the soil surface, which 
becomes mobilized following rainfall, which can then be transported into local drainage systems 
(contributing to stream salinity). The objective is to retain these resources (water and nutrients) 
within the soil profile, on site. 
Reversing salinity cannot be taken as a simplistic measure to a complex set of causes. The crux 
of the issue is not salinity, nor how to evapo-transpire more groundwater, but how to reverse the 
widespread and ongoing soil and vegetation degradation.  
Therefore, management involves remediating the soils hydrological, physical, chemical and 
biological attributes, to restore levels to as close as original or back to normal functioning levels 
at least. This involves 1). Exclusion of stock; 2) Surface soil works (above ground) to reduce 
overland flows (runoff) and retain rainfall when it falls and to allow incorporation of; 3) addition of 
organic matter into and upon the soil surface; 4) addition of gypsum to counteract the low Ca 
levels and high Na levels 5) addition of lime when required for the alkalinity and; 6) revegetation 
using endemic grass and tree species. It is that simple.  
Positive outcomes of site recovery can be seen at a number of sites which have had strategic 
stock management, often involving indefinite exclusion, followed with surface hydrology works 
to reduce runoff volume and velocities whilst retaining resources in situ.  
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Due to the lack of remnant Yellow Box Red Gum Grassy Woodlands on the Southern 
Tablelands of NSW in a reasonably undisturbed condition, all the remaining grassy woodlands 
should be preserved for conservation practices and enhanced where possible and practical. 
This therefore places a greater priority on the conservation of the traveling stock reserves 
(TSR’s), which contain some of the most relatively undisturbed Yellow Box Red Gum Grassy 
Woodland remnants on the Southern Tablelands. 
The use of endemic flora and fauna species for management activities rather than exotics and 
hybrids needs to be prioritised, especially for these endangered listed, grassy woodlands. 
Therefore hypotheses 6 is rejected. 
As the EM instruments are considered to be the best method to map salinity some conclusions 
are provided, which has relevance for the deeper AEM surveys which have been promoted as 
being the best mapping technology for upland landscapes. 
Surface soil EC(1:5) and the EM results (ECa) often yielded poor correlations between each other, 
particularly as the EM measuring depth increases and the ECa/EC(1:5) levels decrease. Although 
the shallower ECa measurements often correlate with scalds, they also often do not. This 
suggests that scalds do not require salinity to develop, just the degradation. Additionally, some 
scalds show low surface soil salinities but give high ECa readings, which appears to be due to 
the shallow clay B horizon at such degraded areas.  
The EM measurements show an inverse relationship with depth and associations with surface 
biotic and abiotic attributes. The depth ratio results also confirmed this. The EM31 in vertical 
dipole and deeper measuring EM instruments are therefore likely to be less useful for soil 
degradation surveys. The applicability of AEM for environmental management or indeed salinity 
mapping is therefore questionable in upland landscapes.    
The depth weighted ratios showed that the predominant changes in ECa between seasons 
occurred within the surface approximately 1m of soil. This water, which can carry salts, arrives 
through accession (interflow) and infiltration. 
 
This research therefore, identifies a number of problems, many related to paradigms associated 
with the rising groundwater model and listed in Chapters 1 and 2, these are summarised in 
Table 13.1.  
 
Table 13.1. A summary of the problems with comments related to paradigms associated with the 
Australian dryland salinity agenda. 
Problem Comment 
The predominant accepted cause of dryland 
salinity (degraded areas with elevated salinity 
levels) in upland landscapes of southern 
Australia is caused by rising saline groundwater.   
It is clear that groundwater is rarely the cause of 
degradation on the uplands of south eastern NSW and 
likely other locations across southern Australia.  
The predominant water movement in the 
landscape is groundwater, shallow and saline. 
The water actually moves surficially and laterally - and 
relatively quickly. 
The assumed adverse impacts of elevated There are no obvious impacts of fluctuating elevated 
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salinity levels on endemic terrestrial fauna and 
flora (i.e. that salinity is a threatening process to 
survival). 
salinity levels on flora or fauna in these landscapes. 
Many species flourish in the degraded conditions. 
Gamma biodiversity of the region may be increased by 
the degraded patches with elevated salinity levels. 
The way in which dryland salinity is managed 
and monitored – groundwater focused. 
As the crux of the problem is surface degradation, this 
requires addressing, that is, hydrology and soil 
amelioration, hence the soil evaporation potential. 
The way in which dryland salinity is mapped Sites with elevated salinity levels can only be mapped 
from the ground, with individual inspection. The use of 
AEM is questionable. 
The way in which dryland salinity is modelled As modelling is presently focused on groundwater, the 
modelling is commonly invariably irrelevant. 
The preferred species presently used and 
promoted for revegetation and remediation 
(management) activities 
Exotic and hybrid native species are presently 
favoured. Endemic species from local provenance 
should be favoured 
The presumption that dryland salinity 
expressions are increasing in size 
No evidence of this on the Southern Tablelands (since 
2003) or the Hunter Valley (since 2000). The majority 
of saline sites on the Southern Tablelands are 
generally less than a few hectares in size, which has 
promising implications for remediation. 
The research discipline that should be guiding 
the upland dryland salinity agenda – not just 
hydrology and/or hydrogeology 
The research disciplines should be focused around 
soil science and ecosystem rehabilitation 
The assumption that  soil salinity will subside 
due to climate change and presumed reduced 
rainfall  
No evidence supports this, indeed the contrary is more 
likely to occur, elevated evaporation rates should 
cause increased evaporite deposition 
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APPENDICES 
Chapter 2 
 
Appendix 2.1 
Remnant vegetation and widespread clearing and hydrological ‘equilibrium’ 
To address points 3 and 4 of Table 2.3, evidence for a uniformly, thickly wooded landscape prior 
to European settlement is lacking. This has been attained from a number of historical reports. In 
1848, following a number of previous expeditions, including one to the Lachlan and 
Murrumbidgee River areas in 1836, Thomas Mitchell described the landscape with "Thick 
forests of young trees, where, formerly, a man might gallop without impediment and see whole 
miles before him". Much of this regrowth has been attributed to the modification from European 
land management practices, such as the reduction of Aboriginal burning practices. 
In Hume and Hovell’s “Journey of discovery to Port Phillip” (1824) (Field note book of Hovell - 
Mitchell Library Sydney) (Tegg 1837), Hovell mentions that “Both hills and lowlands are thinly 
covered with timber” around the Murrumbidgee and Murray River areas. Observations indicate 
that this is still the case in most situations, where regrowth is not a prominent feature. 
Charles Darwin, whilst visiting Australia during his epic circumnavigation of the world on the 
Beagle, documented the vegetation and landscape on his journey from Sydney to Bathurst in 
1836, just to the north of the STNSW. In his dairy he wrote; “The extreme uniformity of the 
character of the vegetation is the most remarkable feature of the landscape…..everywhere we 
have an open woodland, the ground being partially covered with a most thin pasture….the trees 
nearly all belong to the one peculiar family…..their scantiness makes the woods light and 
shadowless…..the trees stand well apart….hence they look desolate and untidy” (from Darwin’s 
diary, quoted in Nicholas and Nicholas 2002). 
It can be argued that clearing of the hilly areas was rarer than it was common, partly due to the 
fact that the hills are inherently less productive (i.e. more resistant lithology such as that 
composed of quartzose material, rendering the soils less fertile, shallow, coarser textured with 
increased drainage and reduced water and nutrient retention). The hill clearing assumption that 
underpins the RGM process is therefore unsubstantiated and consequently, incorrect. 
Indeed, Costin and Polach (1972) suggested that during periglacial periods, such as during the 
last glacial maximum, at elevations >600m around Canberra, tree cover would have been 
minimal or absent from the tableland environment and tree numbers below this elevation (i.e. 
sites studied in this research) would have also been reduced. Although conditions are 
undoubtedly warmer than 10,000 to 20,000 years ago, low tree numbers are still natural across 
the lower slopes of the Southern Tablelands of NSW (STNSW). In many cases, clearing of the 
hills has not occurred.  
Acworth and Jankowski (2001) intensively studied a small valley on the STNSW where the 
lower slopes were salinised and the upper slopes had not been cleared. This is a common 
occurrence on the STNSW, and indeed, elsewhere. Wagner (2001) and Bann and Field 
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(2005a.b, 2006a,d) have also documented this. The argument for a recent increase in recharge 
and subsequent rising groundwater following tree removal is thus invalid in these landscapes. 
Moreover, historical records of salinity levels of both soil and groundwater are non-existent, 
hence no meaningful comparisons can be made with recent measurements. 
Thorburn et al. (1991) found that under conditions where potential evapotranspiration exceeds 
rainfall and where soil has low permeability, groundwater recharge under crops and perennial 
shallow rooted pasture may not be greater than under native vegetation. Jones (2000a,b, 2001), 
and Tunstall (2001, 2004) suggested that dryland salinity is caused by soil degradation with a 
loss of organic matter due to agricultural practices, is exacerbated by decreased water use by 
vegetation, and is often very localised. Bann and Field (2006b,c,d 2010a) suggested that 
secondary salinisation in southeastern Australian uplands is predominantly caused from 
intensive grazing and associated soil and vegetation degradation. Barnett (2000) found that soil 
salinity varied markedly within and between sites, laterally and vertically through the soil profile, 
temporally, often within a few days. He also notes that the highest concentrations of salts are 
found within the top 1cm of soil. Likewise, Kreeb et al. (1995) and Semple et al. (2006) found 
large variation in soil chemical, physical and biological properties within and between sites, over 
very small spatial and temporal scales. Melis and Acworth (2001), Acworth and Jankowski 
(2001) and Wagner (2001) have indicated that many of the scalds and salinised areas on the 
STNSW are caused from predisposing salinity and sodicity in the soils, particularly referring to a 
highly dispersive, sodic unit generally at depths of <3m. Melis and Acworth (2001) and Acworth 
and Jankowski (2001) also indicate that a high proportion of smectite adds to this dispersion, 
compounding the release of salts attached to the clays, which then contributes markedly to the 
electrical conductivity of the soils and runoff entering streams. Acworth and Jankowski (2001) 
examined the evidence both for and against the RGM from a small upland catchment on the 
STNSW and conclude that the RGM does not apply, with a more specific mechanism of salt 
emplacement necessary to explain the data. Although this study supports these conclusions, in 
some situations, the problem may arise due to a combination of factors, such as discharging 
groundwater, which in many cases is probably a (seasonal) primary phenomenon, associated 
with soil and vegetation degradation and surface water flows (interflow). However, unless the 
situation is primary, it is still apparent that without the soil and vegetation degradation, the 
salinity expression would not occur, and if the soil and vegetation were rehabilitated, the 
situation can be rectified.  
Kelley (1951) may have inadvertently been one of the original advocates for the rising 
groundwater model by suggesting that “water then is the chief agent by which salts are moved 
and its evaporation gives rise to the accumulation of salts in the soil”. Although the statement is 
correct, the interpretation is not, as he subsequently concluded that salinity therefore, is a water 
problem, rather than a soil problem, a theory that has been generally adopted and promoted to 
the present day. Soils are virtually ignored, whilst unusual excess (saline) water is considered to 
be the culprit to all the problems. 
Points 5 and 6 from Table 2.3 focuses on hypothetical “equilibrium” landscape water and the 
presumption that little water ever reaches the groundwater (due to the efficiency of the perennial 
tree roots evapotranspiring rainfall). South-east Australia commonly experiences significant 
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droughts and extended dry periods, yet an excess of water is universally blamed for increased 
salinity. Historic rainfall data (BOM 2010) and research into more pluvial regimes (e.g. Wasson 
et al. 1991; Crowley 1994; Page and Nanson 1996; Nanson et al. 2003) indicates that south-
east Australia has experienced much wetter periods than present during the Quaternary and 
indeed the Holocene. This rainfall must have been in excess to that which the vegetation could 
transpire, particularly during the colder months, even prior to the extensive, widespread land 
clearing practices purported to have been undertaken since European settlement. This suggests 
that groundwater recharge was excessive during winter (i.e. high rainfall with low evaporation 
and transpiration rates) prior to European settlement. In addition, removing trees from recharge 
zones actually decreases the infiltration rates (Eldridge and Freudenberger 2005), with 
subsequent reduced percolation and recharge and increased runoff.  
 
Appendix 2.2 
Problems with research investigating salinity and biodiversity in SE NSW. 
Numerous problems have been identified with previous research investigating salinity and 
terrestrial biota in SE Australia (Briggs and Taws 2003, Taws 2003, Zeppell et al. 2003, 
Thompson and Briggs 2005. Seddon et al, 2007)  
In summary, other important, common compounding land management activities, such as 
intensive grazing, dieback (not caused by salinity) and/or drought, ringbarking of trees, the 
effects of roads and tracks and many other disturbance factors are rarely considered. 
Conclusions that the salinity is the cause of the tree health decline are therefore not 
substantiated and are consequently unfounded. Conclusions that salinity favours exotic species 
are also unfounded. Previous land management practices and variables cannot be ignored and 
trees that are apparently dying within or near scalds cannot be directly attributed to secondary 
salinity. Salinity is inferred to be exclusively secondary. They also suggest that the feedback 
loop (Wylie et al. 1993a; ANZECC 2002) is a dominant influence on the processes and salinity 
does not just diminish species components of biodiversity, but also interferes with ecosystem 
function. However, this process assumes trees are dying from rising saline watertables, which is 
a theory that is unproven on the uplands of SE NSW (Jones 2000a,b, 2001; Wagner 2001, 2005; 
Bann and Field 2006a,b,d, 2010a,b), especially considering the fact that piezometers are 
generally absent from woodlands (pers comm. Brad Parker 2005). Only one soil sample was 
taken from each site to provide the total soil analysis for that site, which, considering the 
extreme spatial and temporal heterogeneity of the soil, is inadequate (Bennett and Barrett-
Lennard 2008). They suggest that the increased salinisation has the most dramatic effect on 
Eucalyptus macrorhyncha (red stringybark), which is not surprising, as this species prefers the 
clay poor, relatively infertile, better drained soils of the upper slopes. It is likely that this 
presumed increased mortality is due to something other than increased salinity (such as altered 
hydrology, altered pH, soil degradation or ‘dieback’ and its many causes). The method of using 
dieback as being the major indicator linking salinity (and rising groundwater) is also unfounded. 
Dieback occurs across the whole of the landscape and can be due to a multitude of factors, it is 
rarely the result of increased salinity (no quantitative evidence that links these two 
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phenomenon), especially in isolation. In many cases, the dieback may be a seasonal feature, as 
a consequence of drought/soil moisture deficit and/or severe sporadic (seasonal) insect 
infestations. Moreover, many of Taws (2003) study sites that contain trees suffering from 
dieback, or dead trees, are the result of tree ringbarking, not salinity (pers. observ.). 
The following will briefly address each point from Table 2.10 separately; 
 
1) All identified salinity is considered to be secondary (primary is not considered), that is, it 
has all been anthropogenically induced and should not be there. As primary salinity is a natural 
phenomenon in southern Australia, and has been for millennia, this requires consideration, 
especially when the expressions are located in the low lying, sump areas of the landscape. In 
many cases, these were probably swampy areas prior to land modification. Infilled billabongs, 
ephemeral chains of ponds and swamps are likely situations, as described by Bann and Field 
(2005a,b, 2006a,d), Kreeb et al (1995) and Murray (1996). As primary (and secondary) salinity 
sites are temporally variable, dependent upon requisite conditions such as rainfall (climate) and 
grazing intensities, determination between the two types is often problematic and should only be 
concluded when determination is positive. Additionally, the salinity is considered to be at toxic 
levels, thence being a direct threat to biota. 
2) Identification of saline sites is often subjective and biased (e.g. the use of exposed A2 
horizons, often from aerial/satellite photography), consequently, some sites are not necessarily 
saline. This was confirmed by visiting prior sites used for dryland salinity research. The use of 
exposed A2 horizons are not definitive of elevated salinity problems, many of these bare areas 
are not saline. Indeed, many bare areas have been induced by other management factors, such 
as grazing or vehicle tracks. Sheet erosion often follows exposure due to the endemic 
dispersible sodic soils; thence cannot be attributed to induced elevated salinity levels (especially 
rising groundwater tables). Site selection is often biased; “all sites that look degraded are due to 
salinity levels”. 
3) All degradation (soils/plants) with associated immediate or nearby elevated salinity 
levels is blamed on the salinity. It is strange how salinity is declared the culprit for all land 
degradation and plant mortality or health decline in areas where elevated salinity levels are 
present, or wherever the soils appear to have elevated salinity levels. All other important 
synergistic factors, of which there are many, historical and present, are ignored. As salinity is 
both variable spatially and temporally, in many cases, it is likely that the soils where the plants 
are actually growing are either not salinised or, are salinised occasionally. 
4) All dying & dead trees are due to salinity (the subjective ‘pointing method’ is adopted), 
which follows on from point 3) such that any tree decline in health, such as dieback, is 
immediately linked to (immediate or nearby) elevated salinity levels. On occasions, this even 
seems to include those trees that have been ringbarked (c.f. front cover of Taws 2003 report to 
name but one). The non-rigorous, very subjective ‘pointing method’ is adopted, (entails pointing 
at the soil and the unhealthy tree, and thence concluding the direct cause/effect link).  
5) All weed presence is blamed on salinity. This, once again, follows a similar reasoning to 
points 3) and 4), where the pointing method is again adopted. Any weeds growing at the site are 
directly linked to elevated salinity levels – if there are any, and this includes if the elevated levels 
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are somewhere nearby. There are a multitude of reasons why weeds grow in certain locations, 
as Coutts-Smith and Downey (2006) indicate, including past management activities, roadside 
drainage influences, soil disturbance and degradation and consequent issues, and in some 
cases, even direct planting. Many authors also discuss the link with disturbance and invasive 
species (e.g. Ewel 1986; Hobbs 1989; 1991; Hobbs and Huenneke 1992; Rejmanek 1999a,b), 
which obviously is a paramount consideration in these highly disturbed sites. Indeed, Hobbs and 
Huenneke (1992) indicate that a combination of soil disturbance and nutrient addition caused 
the greatest effect in enhancing the establishment and growth of non-native species. Some 
other important factors to consider are the site location, (salinised sites are often located in the 
lower sump areas of the landscape or beside roads and therefore receive the local drainage), 
seed dispersal, grazing influences (“travelling” stock can introduce weeds from their hooves, 
coats and/or faeces), soil nutrient levels (e.g. weeds favour increased nitrate levels and other 
nutrients such as N and P from fertilisers) and fire frequency and intensity (fire favours different 
species, including weeds). 
6) Tree regeneration is dependent on many factors, many of which will be more important 
than fluctuating salinity levels. Attempting to attain a cause/effect link from a correlation between 
salinity levels and the number of regenerating trees at a particular site is fallacious. 
7) Endemic species are considered to be intolerant of increased salinity levels whilst exotic 
species are considered to be more tolerant (i.e. Australian vegetation being adapted to the 
palaeoclimate & naturally saline/sodic soils are ignored). As Australia is the driest fully 
vegetated continent, and has the highest proportion of saline and sodic soils than any other 
continent, one would expect that the endemic biota have developed ways to combat such 
concerns, perhaps even exploit them. Strangely, exotic species are favoured, which is also even 
the case when addressing Endangered Ecological Communities, where planting the endemic 
species seems to be more sensible. Furthermore, no consideration is given to endemic species 
having any tolerance to the elevated salinity levels, and no discussion is given to the 
heterogeneous and fluctuating nature of the salinity levels. 
8)  Spatial (scale) and temporal factors are rarely considered. This is particularly the case 
with soil salinities, when often just the one soil sample from a site is taken and analysed, which 
in many cases is taken peripheral from the vegetation. It can be argued that this sample has 
little or nothing to do with the nearby vegetation, due to the spatial heterogeneity of the soil 
salinity. As the soil salinities are highly variable temporally, many samples should be taken, from 
many locations, during different seasons, before concluding that the soil salinity per se is 
adversely impacting the vegetation. 
9)  Other major soil physical, biological and chemical factors are rarely considered. As 
shown in Chapter 5 many other factors are associated with soil and vegetation degradation and 
are likely to have drastic impacts on remaining vegetation health or mortality, such as 
imbalances in cations and anions (deficiencies and toxicities), nutrient deficiencies, extreme pH 
levels, increased surface compaction, impermeability and reduced aeration, increased erosion, 
reduced microbial activity etc. To merely measure one variable within the system with numerous 
possible determining synergistic factors (co-variants), is simplistic and inadequate.  
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10) Salinity processes are based entirely on an excess of overly saline water (groundwater) 
in the landscape, despite no evidence for this in the landscapes considered. The association 
between excess water in the landscape and vegetation mortality arguably derived from the 
wide, broad granitic valleys of Western Australia and the low lying irrigated plains of the mid-
lower Murray Darling Basin, where either rainfall and/or irrigation activities supply a greater 
amount of water to the landscape. This however, is certainly not the case in the low-medium 
rainfall zones of the STNSW where irrigation practices are rare. Moreover, previous accounts 
for water hydrology (i.e. bore levels) are absent, as are salinity level data of this water.  
11) A hypothetical “feedback” mechanism based on the general but unproven RGM is 
subsequently used. This point extends from point 9), where previous reports indicate that 
consequent to this hypothetical rising groundwater, vegetation dies (that is, trees and grasses). 
This thence allows the groundwater to rise even more, killing more vegetation, and so on. As 
stated in point 9), there is no evidence for this rising groundwater and certainly no evidence for 
a feedback effect. In fact, there is no evidence found that conclusively determines that any trees 
are dying directly due to elevated salinity levels per se.  Furthermore, it is odd that any decline 
in tree health and mortality is blamed on toxic salinity levels, rather than anoxia associated with 
the hypothesised relatively shallow groundwater-tables. 
12) Despite considerable evidence in these upland landscapes, surface water factors (i.e. 
Transient Salinity and Surface Water Salinity, or NAS) are ignored. Once again, this point 
extends from points 9) and 10), given that much research has been undertaken during the past 
decade which refutes the excess rising groundwater paradigm and concludes that surface water 
is the predominant hydrological factor occurring in upland landscapes. This surface water is 
associated with soil and vegetation degradation processes, in other words, it is a top down 
process rather than a bottom up. 
13) Saline sites are considered to be expanding, despite no evidence for this (c.f. Wagner 
2001). Indeed, Taws (2003) describes the scald boundary as “the encroaching front” and Zeppel 
et al. (2003) suggest that this encroaching front may be moving so rapidly that the Cumberland 
land snail (Meridolum corneovirens), a threatened species, will be too slow to escape the scald 
expansion. During this research (2004 – 2009), there has been no evidence of site expansion, 
excluding the Pudman site which suffered a few weeks of sheep grazing in early 2005 following 
a number of years of stock exclusion. Indeed, those sites that have been excluded from stock 
appear to be recovering well. The reports that suggest that incredible expansion rates are (and 
have been) occurring are therefore misleading and fallacious. 
14) The use of “paired sites” (saline / non-saline) is subjective and questionable. Making 
comparisons between so-called “paired-sites” is unfounded, as there is no assertion that; i) the 
two sites have experienced the same management activities; ii) that the soils and vadose zone 
properties are the same; iii) that the vegetation is the same; iv) the morphology; v) hydrology, 
etc. In many cases, the salinised areas have developed due to requisite conditions, such as 
vehicular tracks or landscape position. This point will be even more pronounced if the 
expressions are primary in nature. Moreover, even if as many possible variables could be 
controlled, there is still inherent landscape and vegetation heterogeneity (variability) which will 
confound results. 
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15) The assumption that higher biodiversity (> spp. no.) is “better” – between two compared 
“similar” sites. Once again, following on from point 14), landscape and vegetation heterogeneity, 
in addition to previous management activities, prevents this conclusion from being possible. 
Therefore, only tentative interpretations can be made. 
 
Chapter 3 
 
Appendix 3.1 
Site descriptions 
 
Site 1. Nanima TSR:  
Yass TSR No. 50.  
Location: Murrumbateman Road at Nanima, ~10 km east of Murrumbateman.  
Size: 12Ha.  
Site description: This was one of Taws (2003) research sites.  It is situated on the lower slopes 
of a small, vegetated hill, beside the main bitumen road (also at a higher elevation). A drainage 
line with a bedrock controlled permanent creek flows along the lower boundary. The local 
drainage flows into Murrumbateman Ck of the Murrumbidgee Catchment. Rain runoff from the 
road was observed flowing onto the site during heavier rainfall events. Slopes are generally <5°, 
however, slopes of <3° were used for this research. A number of prominent exposed scalds up 
to 8m in cross section are located within the central part of the TSR. All scalds are associated 
with localised tree clearing and sheet (and rill) erosion removing the A0/A1 horizons exposing 
bleached A2 horizons, however, further erosion appears to be prevented by vegetation (grasses 
and trees) at lower elevations to the scalds. Most scalds are also associated with old vehicular 
tracks, particularly where they bifurcate. The slopes above the scalds are well vegetated with 
trees. Scalds exhibit a large variation in microtopography over small distances, some areas are 
erosional whilst others are depositional. Surface soil texture on the scalds is also 
heterogeneous over small spatial scales, generally ranging from a sandy loam to a clay loam. 
The scalded areas developed appreciable amounts of white material (salt) at the soil surface 
during extended dry periods, particularly during the hotter, summer months when evaporation 
rates are expected to be higher. This is dissolved during rain events. The soil surface also 
developed a ‘puffiness’ where the top few millimetres lifted and cracked during the hotter 
months. A number of storms with appreciable amounts of heavy rain occurred whilst at this site, 
during which time significant amounts of runoff (overland flow) was observed. Puddles 
developed quickly in the lower areas, including scalds. Areas across the whole TSR became 
waterlogged during wetter times of the research period, and on a few occasions, vehicular 
access was not permitted. The highest EC (1:5) field measurements obtained from all ten sites 
during the data collection period were attained at this site (20.1 dS/m or 20,100µS/cm). The 
main scalded area has been fenced off, with stock grazing being excluded for approximately 3 
years. The site is showing signs of considerable recovery, with numerous juvenile E. melliodora 
recruits growing across the site. Due to the proximity from base, good accessibility, and 
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containing remnant YBRGGW with prominent scalded areas, this site became the major 
research no. 1 ‘case study’ site. Mature E. melliodora, E bridgesianna, and E. cinerea are the 
dominant persistent large trees. Abundant E. melliodora and E. cinerea regeneration is present 
across the site, especially within the fenced off area (stock exclusion). E. mannifera, E. 
macrorhyncha and E. rossii grow on the upper slopes and ridge of the site. The dominant 
groundcover species consist of thick tussocks of Themeda australis [syn T. triandra] and 
Austrodanthonia spp. (at least two different species). Less common native species growing 
within or adjacent to the salinised area include Chloris truncata (windmill grass), Elymus scaber 
(wheat grass) and Dichelachne micrantha (plume grass). The boundaries between grasses and 
the scalds were usually abrupt, indicating a sudden change in conditions. Exotic grass species 
growing within the salinised area included Hordeum marinum (sea barley grass), Poa pratensis 
(Kentucky bluegrass), Aira spp. (hairgrass), Bromus hordaceus (soft brome), and the forb 
Plantago coronopus (bucks-horn plantain). Thinopyron ponticum (tall wheatgrass) was growing 
within the salinised area however, this was hand sown a number of years prior (K. Baker pers. 
comm. 2004). Other exotic species generally growing a short distance (>2m) from the salinised 
area include Cynosurus echinatus (rough dogstail), Briza minor (shivery grass) and Briza 
maxima (quaking grass), Trifolium augustifolium (spikey clover), Phalaris aquatica, Lolium spp. 
(ryegrass), and Arctotheca calendula (capeweed). Interestingly, the major grasscover species 
growing within the actual woodland, beneath trees, were generally exotic species (mainly 
Cynosurus echinatus and Trifolium augustifolium. At least one Vulpes vulpes (fox) was present 
on site as evidenced from footprints in the scald and confirmed by sightings by the neighbouring 
farmer. Oryctolagus cuniculus (rabbits) and Lepus europaeus (hares), Wallabia bicolor (swamp 
wallabies) and Macropus giganteus (eastern grey kangaroos) are also common. Lithology 
consists of steeply dipping Ordovician metasediments and soils are (duplex) yellow podzolic 
(sodosols - soloths?) on the lower elevations grading to red podzolics and lithosols on the upper 
elevations. A number of huge ant mounds or ‘meganests’ (Iridomyrmex purpureus), some of 
which are greater than 5m in diameter, are built across the site. This includes nests within the 
actual scalded areas. One of these nests was built within a prominent scald during the 3 years 
research period. Ant trails, or ‘highways’, connect the nests with nearby eucalypt trees (where 
the ants obtain food). Ants appear to be the dominant invertebrate at this site, and a number of I. 
purpureus nests have trails across the scalded areas. A number of termite mounds were also 
located across the site. Twelve transects were set up on this TSR and was visited regularly 
during the field research period. 
Site 2.  Pudman TSR  
Young TSR 154 
Location: Rye Park Road, Pudman (~15km south east of Rye Park).  
Size: 24ha  
Site description: This site was the 2nd major research site, case study site no. 2. This site was 
also one of Taws (2003) research sites. The site is generally in a relatively undisturbed state 
with remnant woodlands covering most of the upper slopes of gently undulating topography. 
The drainage flows into Pudman Creek of the Lachlan River Catchment.Until February 2006, 
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the entire site was fenced off (locked gate) from stock grazing for a number of years. However, 
during February 2006, the site was intensively grazed by 32 sheep for four weeks following a 
neighbouring farmer complaining that the site was a fire hazard/risk (Peter Brown pers. comm. 
2006). A number of relatively large scalds with exposed A2 horizons suffering with sheet and rill 
erosion are present in the northwestern corner of the site, running above and adjacent to the 
main creek. The scalds appear to be associated with an old vehicular track running along the 
drainage line. The slopes above the scalds have appreciable woody vegetation (trees). The site 
is situated adjacent to Crown Land of approximately the same size as the Reserve (the 
unsealed main road dissects the two), which is also in relatively good condition. The combined 
size of the two sites provides one of the relatively larger YBRGGW remnants in the region. It is 
listed on the Natural Heritage Trust and is habitat for a number of threatened species, hence is 
of high priority conservation value (J Maloney pers. comm. 2004). Three sides of the reserve 
are private farmland that is extensively cleared and intensively grazed by sheep. One of the 
boundaries has a bedrock bed controlled, ephemerally flowing creek, which during a number of 
storms in winter and spring 2005, attained depths greater than 2m (determined from debris line), 
however, during the rest of the period, it was mainly dry, consisting of a few billabongs. A 
number of smaller ephemeral drainage lines dissect the site, running perpendicular to the creek. 
The upper parts of the site have a number of spoil mounds from historical gold digging remains 
from last century (J. Maloney pers. comm 2004). A quarry is also located on the TSR, however, 
this is a few hundred metres from where this research was being carried out. The site has 
gentle slopes, generally <5°. The main tree species are E. melliodora, E. blakelyi, E bridgesiana, 
E. viminalis and E. rubida in the drainage depression. E. macrorhyncha grows on the upper 
parts of the site. Acacia (dealbata?) is present as a mid-story. Thick regeneration mainly 
comprising E. melliodora and E. blakelyi is present. Many of the large E. blakelyi have been 
ringbarked, especially within the salinised zone, which was carried out more than 20 years ago 
(Joe Mooney pers. comm. 2005). E. blakelyi is suffering from the effects of dieback within and 
surrounding the cleared and degraded salinised area. A dense grassland comprises native 
species including Themeda australis [Syn T. triandra], Austrodanthonia spp., Cynodon dactylon 
(couch grass), Chloris truncata, and Bothriochloa macra (red-leg grass) and exotic species 
including Cynosurus echinatus, Briza major, Trifolium augustifolium (spikey clover), Hordeum 
marinum, Pennisetum alopecuroides, Festuca arundinacea (tall fescue), Phalaris aquatica, Poa 
spp., an unidentified tussock grass and a dense thicket of Juncus acutus (spiny rush). Some of 
the spiny rush has been poisoned by the RLPB ranger using Bio-roundup (Joe Mooney pers 
comm. 2005). The Yass daisy (Ammobium craspedioides) (a threatened species) has been 
identified on this TSR (J. Mooney pers. comm. 2005). Phragmites is present in the billabongs of 
the ephemerally flowing creek. The creek has an exposed bedrock base with lithology 
comprised of steeply dipping Silurian volcaniclastics. Swamp wallabies, eastern grey kangaroos, 
brushtail possums, and echidnas are common. Shingleback bluetongues and bearded dragons 
were also identified. Foxes have been identified through tracks, odour, scats, and kill remains. 
On one occasion in 2005, the remains of an echidna, a bearded dragon, a lamb, a hare and a 
magpie were observed within the salinised area during the same site inspection. Hares and 
rabbits were also observed.  Worn tunnels exist within the Juncus, which are likely made by 
rabbits, hares and foxes. Iridomyrmex purpureus nests are present, but not common or as large 
in size as other sites. Twelve transects were set up at this TSR. 
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Site 3.  Coffees Bridge TSR 49 
Young TSR 
Location: Rugby Road, ~8km NE of Boorowa. The actual Coffees Bridge crosses the Boorowa 
River at this location. The local drainage flows into the Boorowa River of the Lachlan River 
Catchment.  
Size: 20Ha  
Site description: This site comprises the start of a Travelling Stock Route that extends all the 
way to Young (a distance of ~40km). Slopes are generally <5°. This site was selected as the 
third major site, case study site no. 3. Relatively undisturbed YBRGGW comprise the upper 
slopes of the site. A drainage channel runs down one side of the site with private farmland 
surrounding three sides. An unsealed property access runs across the lower boundary of the 
site to the adjacent property, and this road has acted like a dam across the drainage channel 
(i.e. preventing surface water flow). This has turned the site (above the road) into a swampy 
area that is often wet during winter and spring. This swamp developed soon after the road was 
put in (David Hilhorst pers. comm. 2005). A dense thicket of Juncus acutus now exists within the 
drainage depression, which has also developed since the construction of the road (David 
Hilhorst pers. comm. 2005). Other salt- indicating plants include Hordeum marinum and 
Spergularia spp. (sandspurry). A number of small scalds have developed with diameters up to 
6m. Runoff from the adjacent grazed land is significant during wet periods and heavy storms 
(pers. observ.). It is relatively undisturbed with mature healthy E. melliodora, E. blakelyi and E. 
bridgesiana. A relatively diverse grassland exists, comprising native species including 
Bothriochloa macra, Themeda australis [Syn T. triandra], two Austrodanthonia spp., Elymus 
scaber, Chloris truncata, Sporobolus creber (slender rats tail grass), Aristida racemosa (purple 
wire grass), Stipa sp., Microleana stipoides (Weeping grass – grows beneath tree canopies) and 
Dichelachne micrantha. A number of weed species are also abundant, especially in the swampy 
area, including thistles (e.g. Silybum marianum) and large Phalaris aquatica, Festuca 
arundinacea, Cynosurus echinatus, Trifolium augustifoium, Briza major and B. minor, Bromus 
diandrus (giant brome) and Pennisetum alopecuroides (swamp foxtail). Swamp wallabies, 
eastern grey kangaroos and brushtailed possums are common. Platypus are present at the 
nearby confluence of the Boorowa River and the drainage channel (David Hilhorst pers. comm. 
2005). The pungent odour from a fox den was often present in the swampy, weeds infested 
area, and was also identified from scats (B Triggs pers. comm.). Hares are also common. 
Iridomyrmex purpureus nests were present and common. A large nest ~4m diameter is present 
in the most severely scalded, salinised area of the site and the transect with the highest EM 
readings. 
Soils at this site are developed on the Silurian Hawkins Volcanics, although few outcrops are 
present to confirm this, and are generally more red/brown than the sites with Ordovician 
metasediment derived soils. Thick, heavy green clay comprises the shallow B horizon along the 
drainage channel and the scalded area. Twelve transects were set up on this TSR. 
Site 4.  Phil’s Creek TSR 152 
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Young TSR  
Location: Rugby Road, Phil’s Creek, approximately ~30km NE of Boorowa. 
Size: 20Ha.  
Site description: The site is a ridge running down to a creek on 2 sides with severe scalding on 
adjacent private property (next door and across the road). The sealed main road runs along the 
upper boundary. The local drainage flows into Phils Creek in the Lachlan River Catchment. A 
small number of scalds are located on the lower levels of the site, however, they are of very 
limited size (<5m diameter) and very localised. The scalds generally have exposed A2 horizons, 
are located on the lower slopes and the most severe example is associated with the access 
vehicular track. The slopes above the scalds are well vegetated with young and mature trees. 
This site is relatively undisturbed and is fenced off from stock grazing, although the 
neighbouring farmer has property surrounding 3 sides of the site and sheep dung is found on 
the site. This site contains a diverse range of flora and has the most varied range of eucalypts of 
all the research sites, including E. melliodora, E. blakelyi, E. macrorhyncha, E. cinerea, E. 
bridgesiana, E. goniocalyx, E. albens, E sideroxylon, E. mannifera, E. rossi and E. dives. A thick 
midstorey, predominantly comprising juvenile eucalypt recruits, Dillwynia sp. and Cassinia sp. 
(Sifton bush). Hordeum marinum and Cynodon dactylon is present in a small Patch (<2m 
diameter) on one scald. Juncus acutus also grows on one of the more salinised areas. Native 
grasses across the TSR are dominantly Themeda australis, Austrodanthonia spp., Poa spp. 
Aristida ramosa, Stipa spp. etc. Austrodanthonia spp. and Dichelachne micrantha was observed 
growing adjacent to a scald. The exotic species comprise dominantly of Cynosurus echinatus, 
Trifolium augustifolium, Briza major and B. minor. Swamp wallabies and eastern grey 
kangaroos are common. EC measurements of the nearby permanent creek (Phils Creek) 
indicate levels as high as 4.3 dS/m, although this is variable. A fox is suspected to inhabit the 
site on account of its odour and observing one on the adjacent roadway, and hares were also 
sighted. Iridomyrmex purpureus nests are common across the site, and particularly favour 
building nests on and adjacent to the access track running through the site. Illegal tree felling 
occurred in April 2006 (Ron Duggan pers. comm. 2006), when a number of young and old 
eucalypts were pushed over with the blade of a tractor. This site contained the steepest inclines 
(up to 8°) although slopes of <5° were used for this research. Geology in this area is complex, 
with highly fractured, steeply dipping beds and numerous faults, however, appears to be 
predominantly steeply dipping Ordovician metasediments. Six transects were set up on this 
TSR. 
Site 5.  Eady’s New TSR 19 
Yass TSR 
Location: Rye Park Road, ~25km north of Yass. 
Size: 16Ha  
Site description: This site is a CSIRO/Soil Conservation salinity tree and soil trial and also lies 
next to Begalia, a private property which has had extensive salinity mitigation work carried out in 
484 
the past (Wagner 2001; Brian Cumberland pers. comm. 2003). The site is situated midslope on 
gently undulating topography. The local drainage flows into a small tributary of the Lachlan 
River Catchment. The site exhibits severe scalds up to ~80m across (some of the largest 
present at all research sites) that are associated with tree clearing, soil degradation and severe 
sheet and rill erosion. This area has been fenced off from stock grazing from the main reserve, 
however, sheep dung is present on this area, indicating that grazing has been permitted in the 
not so distant past. Extensive soil works have been carried out, mainly involving ripping and the 
construction of drainage and contour banks to reduce overland (sheet) flow and subsequent 
erosion. This appears to have been successful in places, but serious erosion (sheeting, rills) is 
still evident, and in places, retains a thin A2 horizon above a red coloured, clay rich B horizon. 
The scalded area shows pronounced variation across small distances, ranging from 
depositional or aggradational (sandier) areas, ‘puffy’ areas and eroded, compacted areas. A 
dense sward of grassland is developed over most of the TSR, mainly consisting of native 
species including Themeda australis [Syn T. triandra] and Austrodanthonia spp. Aristida ramosa 
is also found within and surrounding the scalded areas. Thinopyron ponticum (elongatum?) 
have been planted within the scalded area and Hordeum marinum were identified growing in 
small Patches (<2m diameter) surrounding scalds. Pennisetum alopecuroides (swamp foxtail) 
was found nearby to the swampy area near the dam. Cynosurus echinatus was present as was 
Trifolium augustifolium. The mature tree species comprise E. melliodora, E. blakelyi, E. 
mannifera, E bridgesiana and E. albens on the TSR with E. rubida and E. viminalis growing on 
the adjacent property. However, no mature trees are present within the scalded area. Numerous 
trees and shrubs have been planted on the upper levels of the scalded area, and although many 
are persisting and healthy, none appear to be endemic to the region. Juvenile E. blakelyi have 
regenerated from mature trees in a small area of the grazed (unfenced) area of the TSR. 
Swamp wallabies and eastern grey kangaroos were observed and are common. Foxes were 
identified from scats (and odour) and rabbits were also observed.  A number of ant nests are 
present within and surrounding the salinised area, including Iridomyrmex purpureus mounds. 
The nests are not located where aggradation is occurring. Geology consists of Silurian volcanics 
and slopes are generally less than 3°. A dam has been constructed at the lower level of the 
salinised area which has low salinity levels. Four transects were set up at this TSR. 
Site 6.  Yass River TSR 49 
Yass TSR 
Location: Yass River Road near Berribangalo 30km east of Murrumbateman. 
Size: 10Ha  
Site description: Private land lies above and to the west and south, with crown land (heavily 
grazed) situated to the east. The site is situated midslope. An ephemeral drainage line runs 
through the centre of the site which drains into a small dam at the lower levels of the site. The 
local drainage flows into Yass River. This is a salinity tolerance tree planting trial site by CSIRO 
and NSW Soil Conservation, with numerous small plantations of various eucalypts across the 
site, including E. melliodora. Major soil works have been carried out, including ripping lines and 
contour banks, which appear to be achieving the desired amelioration purpose, however, a 
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number of large scalded areas up to ~60m across are well developed. Major sheet wash and 
erosion is apparent on the scalds, with aggradation occurring in small Patches. A lag deposit 
has developed on the higher elevated parts of the scalds, with abundant pebbles and cobbles, 
consisting predominantly of quartz, up to ~20cm size. A number of shrubs have also been 
planted. Original flora persisting include E. cinerea, E. melliodora and a large E. bridgesiana. A 
number of shrubs are present as an understorey, including Dillwynia Sp. and an Acacia sp. 
Themeda australis [Syn T. triandra] and Austrodanthonia spp. are the dominant grass species. 
Cynosurus echinatus was a dominant exotic species. No obvious salt indicator species were 
identified although scalds appeared to be relatively severe. A fox has been detected from the 
pungent odour, scat identification and discussions with the local landholder. Grey kangaroos 
and swamp wallabies are common at this site. Hares and rabbits were also identified, especially 
during spring. Geology consists of steeply dipping, fractured Ordovician metasediments and 
slopes are generally <5°. Four transects were set up on this TSR. 
Site 7.  Coolalie TSR 43 
Yass TSR 
Location: Coolalie Road, Coolalie (~8km North east of Yass). 
Size: 16Ha  
Site Description: This TSR is leased to the neighbouring sheep farmer, however, the area that 
was selected for this research is fenced off from stock grazing, and is seldomly grazed. This 
area is in a relatively less disturbed condition than the grazed area, although a highly eroded 
drainage line which exhibits depths of up to 4m gullying, initiates within this fenced off zone and 
has had soil conservation mitigation works carried out (initially carried out by the NSW Soil 
Conservation Service). Small, scattered scalded areas have formed adjacent to the highly 
eroded drainage line. Revegetation has been carried out within the fenced off zone, mainly 
using E. polyanthemos. Mature E. melliodora and E. blakelyi are abundant and a number of E. 
macrorhyncha are present locally. Acacia spp. form a midstorey in places. The main grasses 
present are Austrodanthonia spp., Themeda australis, Cynosurus echinatus, Briza major and 
Trifolium augustifolium. Salinity is considered to be a concern on the site (David Hilhorst pers 
comm. 2005) however the regions CMA officer does not consider salinity to be a problem at this 
site, rather an erosion issue (Brad Parker pers comm. 2005). No salt indicator species were 
identified, however, E. blakelyi is suffering from dieback. Feral cats are reported to be a problem 
and are actively killed (David Hilhorst pers comm. 2005). Swamp wallabies and hares are 
common. Geology consists of Silurian volcaniclastics, although no outcrops were identified. 
Slopes are <3°. Four transects were set up on this TSR. 
Site 8.  Broadway TSR 30 
Yass TSR 
Location: Rye Park Road, Broadway, ~25km north of Yass. 
Size: 24Ha.  
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Site description: This is also one of Taws (2003) research sites who identified it as being saline. 
It lies directly adjacent to and downslope from the Crown Land site. The same bedrock 
controlled ephemeral channel runs through the site. The drainage flows into a small tributary of 
the Lachlan River Catchment. It is leased to a neighbouring farmer, however, stock grazing was 
not noticed in the 3 years of undertaking research. The only sign of salinity at this site is an 
eroded area (scalding) present where the access vehicle track runs through the site. In addition, 
a small insignificant area exhibits sheeting and appears to be scalded. This site is also in a 
relatively undisturbed state and is well vegetated. The main trees include E. melliodora, E. 
blakelyi, E. bridgesiana, E. cinerea, E. macrorhyncha with a bipinate Acacia (dealbata or 
decurrens mid storey). Abundant regeneration of most tree species is occurring. Endemic grass 
species include Austrodanthonia spp. and a diverse groundcover of endemic herbs and forbs 
are present. Exotic grass species include Briza major, B. minor, Cynosurus echinatus, and 
Trifolium augustifolium. No salt indicator species were identified. Swamp wallabies are common.  
Shingle-back blue-tongues were also observed. Geology comprises steeply dipping Ordovician 
metasediments and outcrops along the drainage channel. Four transects were set up on this 
TSR. 
Site 9.  Crown Land (Broadway) 
Government owned Crown Land 
Location: Rye Park Road, Broadway, ~25km north of Yass.  
Size: 24Ha.  
Site description: This was one of Taws (2003) and McElhenny (2002) research sites. 
Permission to work on this site was sort and granted from the Department of Lands, Goulburn 
office Portion 370 File No. GB87H483. This site is in a relatively undisturbed state and contains 
a bedrock controlled, ephemeral drainage channel that runs through the centre of the site. This 
channel comprises a number of ponds during dryer periods, and a small swamp containing 
Carex species. Signs of deep fast flowing water are visible following significant rain events. The 
drainage flows into a small tributary of the Lachlan River Catchment. Sheep grazing was 
significantly reduced a number of years ago (K. Baker pers comm. 2004), however, areas of the 
topsoil (A0/A1 horizons) in the lower areas of the site has been degraded and/or removed. A 
number of scalded areas have subsequently developed, with exposed A2 horizons that appear 
to be recovering. These scalded areas appear to be associated with an old vehicular track. The 
dominant species of trees form a dry sclerophyl forest, comprising E. melliodora, E. cinerea, E. 
blakelyi, E. macrorhyncha, E. bridgesiana, E. mannifera and E. dives. Acacia (dealbata?) 
shrubs form a dense understorey in places. Numerous logs and branches lay on the ground. 
Groundcover, including grasses, is not a feature of this site. No salt indicator species were 
identified. Abundant regeneration of most tree and shrub species is occurring. Swamp wallabies 
are common. Iridomyrmex purpureus nests were not identified within the actual research area. 
Geology consists of steeply dipping Ordovician metasediments and slopes are <3°. Four 
transects were set up on this site. 
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Site 10.  Gungaderra Nature Reserve (GNP), Canberra Nature Park  
Location: Barton Hwy, Gungahlin, adjacent to Radio 1 RPH and Gungahlin Hill Nature Reserve 
on the opposite side. The Barton Hwy runs along the front boundary. This site was only 15 
minutes from home, thus this factor influenced the selection.  
Size: ~20Ha.  
Site description: In addition to the convenient proximity, the site was also chosen as the majority 
of E. blakelyi were suffering with dieback, with many trees dead and the presence of mild 
scalded areas and above average EM38 measurements. No salt indicator flora species are 
present. The upper levels of the site consists of typical upper slope/ridge trees such as E. 
mannifera, E. rossii, and E. macrorhyncha, which grades down to mature, large E. blakelyi, E. 
melliodora, E bridgesianna, E. rubida. The research transects were set up within prolific 
regeneration of E. blakelyi. Grasses mainly consist of Themeda australis [Syn T. triandra], 
Austrodanthonia spp., Bothriochloa macra, Phalaris spp., Festuca arundinacea (tall fescue), 
Cynosurus echinatus, and Briza major. The site has a south aspect and slopes are up to 4°. The 
site is a Nature Park and is fenced off from vehicles. Dogs are excluded from the site. 
Numerous eastern grey kangaroos are present grazing on the native grasses at dusk and dawn. 
A fox was suspected to inhabit the site from its odour and workers from the neighbouring radio 
station reported observing foxes. 
Chapter 4 
Appendix 4.1. 
The Habitat Hectares method 
The Habitat Hectares approach was developed by Parkes et al. (2003) in Victorian woodlands 
for an explicit, rapid, quantitative (objective) method for assessing the quality of vegetation by 
adding scores that are assigned to 10 habitat attributes. Little research using this technique has 
been performed at salinised sites, or NSW woodlands (Graeme Newell pers comm. 2004), 
hence its investigation. 
The indicators used are divided into two attributes; site condition and landscape context: 
Site condition 
1) Number of large trees 
2) tree (canopy) cover 
3) understory (non-tree) strata and life-forms 
4) lack of weeds 
5) recruitment 
6) organic litter cover 
7) abundance of logs 
Landscape context (components may be derived with assistance from maps and other 
information sources) 
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8) patch size 
9) neighbourhood (proximity of remnant vegetation) 
10) distance to core area 
Although it is more repeatable, transparent and reliable than other methods that rely on 
subjective judgments and McCarthy et al. (2004) have identified a number of problems with the 
methodology. These same problems became apparent when undertaking this research, and 
include; 
1) measurement of some of the attributes may be subject to considerable error that are 
likely to vary among assessors, 
2) comparison of each measure with a single benchmark does not accommodate 
appropriate disturbance regimes and heterogeneity, 
3) proposed combination of attributes leads to some apparent internal inconsistencies,  
4) it is not clear how this method will actually be used in practice (e.g. by land managers) 
 
Point 2 is particularly important for this research. In addition to this, comparing a score to a 
benchmark is particularly subjective in the case of YBRGGW, as they have considerable spatial 
and temporal heterogeneity (especially canopy and understorey cover). The benchmark may 
therefore be incorrect as the original state is unknown (in addition to changing temporally and 
spatially) and is consequently determined subjectively. In addition, if salinity is a primary feature 
of these landscapes, a benchmark that addresses ‘primary salinised zones’ in addition to 
‘secondary salinised zones’ is theoretically required. Moreover, many salinised zones in upland 
natural environments (woodlands) are relatively small in size (generally less than 1Ha), 
particularly the scalds, which are often in the order of meters in diameter. It is therefore difficult, 
or impossible, to accommodate the score of the scald within the larger area of the site (Ha). This 
suggests that a site with a major ongoing secondary salinity problem may not necessarily give 
the appropriate score. A similar observation is made by McCarthy et al. (2004) who raise 
concern about the mathematical logic of the method with the multiplication of the habitat score 
by the area of vegetation to obtain a measure of habitat hectares, with the units of the habitat 
scores being habitat per hectare. This excludes reliable comparison among sites of different 
sizes (or different/variable vegetation types).  
Secondly, measurements; ‘distance to the nearest core area’ and ‘neighbourhood’, may not be 
that useful for YBRGGW sites in the study region. For example, a number of sites (Sites 2, 3 
and 4) are surrounded by highly disturbed, extensively cleared, intensively grazed, degraded 
farmland, some of which is (secondarily) salinised. These relatively less degraded sites, and 
most other well managed TSR’s, are considered to be highly significant in the context of 
remnant YBRGGW of the area (Davidson et al. 2005; Fischer et al. 2009). Although these sites 
are in most cases relatively small in size, they are the only relatively undisturbed YBRGGW 
remnants within the area and thence are crucial for YBRGGW conservation. 
Thirdly, although a nice idea, using large trees as surrogate measures for hollow-bearing trees 
may be questionable in the YBRGGW as although many trees are large, they do not necessarily 
contain hollows. Hollows are also difficult to identify, especially at high elevations. Gibbons and 
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Lindenmayer (2002) do indeed highlight the importance of hollows, as the presence of hollow 
bearing trees is likely to have a dramatic effect on the fauna species composition (i.e. 
biodiversity), providing habitat for a number of species. 
Fourthly, several attributes are measured by observation (estimated over the hectare), including 
litter (organic matter) coverage, canopy, understorey and weeds coverage. Organic matter is 
highly heterogeneous across most sites, especially where scalds are present, and many sites 
have exotic species planted (such as tall wheatgrass Thinopyron ponticum) as these species 
are considered the appropriate ‘best practice’ revegetation method (DPI 2005). In a number of 
cases, these exotic species appear to be assisting site recovery process, therefore, weed (or 
exotic species) presence cannot be used as a negative indicator. It must also be noted that 
these visual assessments can often be inaccurate and biased as determined by Sykes et al. 
(1983) and Elzinga et al. (2001). This can instigate subjective measurements and judgements, 
depending on the assessor’s stake in the outcome (Elzinger et al. 2001). McCarthy et al. (2004) 
also point out the problem arising when all trees are cut down and subsequently becoming logs 
(with no change in the other attributes), as this will have no influence on the final habitat score. 
Finally, McCarthy et al. (2004) indicate that the Habitat Hectares approach penalises the 
occurrence of disturbance (as most agricultural regions are), and that the broad classification 
bands will lead to a reduced sensitivity to any real differences. Disturbance is often natural, and 
in some cases beneficial to the ecosystem (Brewer 1988; Connell 1978), hence cannot be 
generally criticized. To help overcome this, they also suggest the importance of including 
disturbance regimes as an additional measurement, which is particularly relevant to this 
research, although most likely to be subjective (and anecdotal). Therefore, with regard to these 
considerations, the Habitat Hectares approach was not continued for this research. 
 
Chapter 7. 
 
Appendix 7.1. 
 
Piezometer summary results performed at the 3 main sites, 1, 2 and 3. Depths augered; 1) ~50 – 80cm 
deep into the B horizon clay with a closed base and perforations in the upper section to capture any A2 
horizon interflow; 2) ~50 – 80cm deep firmly into the B horizon with an open base to capture any upward 
moving water; 3) same as 2) but deeper into the B horizon, up to 3.8m depth, with an open base (note: 
pipes only inserted ~100cm into holes); and 4) similar depth to 2) but without a piezometer pipe (i.e. a 
bare auger hole), to capture any water.  
Site/ 
transect/stn 
Patch Type Piezo depths & 
type (cm) 
Results 
Site 1   Saline >600 µS/cm 
Slightly saline 200-600 µS/cm 
T1/st1 Sparse Grass 1. 50 perf 
2. 60cm – open pipe 
3. 150 – (80cm pipe) 
4. 60 without pipe 
Saline 
Dry 
Saline (0-40cm water) 
20 – 60cm saline water 
T1/st3 Bare Soil (scald) 1. 60 perf Saline 
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2. 80cm – open pipe 
3. 160 
4. 160 without pipe 
5. 60 without pipe 
Dry 
Saline  (0-60cm water) 
0 – 140cm saline water 
0 – 60cm saline water 
T1/st4 Treed 1. 50 perf 
2. 60 – open pipe 
Slightly saline 
Dry 
T2/st4 Treed 1. 70 perf 
2. 80 – open pipe 
3. 160 (90cm pipe) 
Slightly saline 
Dry 
Slightly saline (0-20cm) 
T3/st2 Bare Soil (scald) 1. 50 perf 
2. 80 – open pipe 
3a. 3800 
3b. 3200 
Saline 
Dry 
saline water in 3a,b (different depths 
50-200cm & EC) 
T3/st4 Treed 1. 50 perf 
2. 80 – open pipe 
Slightly saline 
Dry 
T4/st1 Sparse Grass (scald)  1. 50 perf 
2. 60 – open pipe 
3a. 3150 
3b. 2900 
Saline  
Dry 
Saline water in 3a,b (different depths 
50-200cm & EC) 
T5/st2 Dense Grass 1. 50 perf 
2. 60 – open pipe 
Slightly saline 
Dry 
T6/st3 Treed 1. 60 perf 
2. 100 – open pipe 
3. 150  (100cm pipe) 
4. 60 without pipe 
Slightly saline  
Dry  
Slightly saline 10-60cm 
Slightly saline (0 – 60cm) 
T7/st4 Treed 1. 60 perf 
2. 60 – open pipe 
Slightly saline  
Dry 
T8/st4 Treed 1. 60 perf 
2. 80 – open pipe 
3. 110 (80cm pipe) 
Slightly saline 
Dry 
Slightly saline (0-20cm) 
Site 2    
T7/st4 Sparse Grass (scald) 1. 40 perf 
2. 80 – open pipe  
3. 160 (80cm pipe) 
4. 50 without pipe 
Saline  
Dry  
Saline (10 – 60cm) 
Saline (0 - 50cm) 
T11/st4 Bare Soil (scald) 1. 40 perf 
2. 60 – open pipe 
3. 120 (80cm pipe) 
4. 40 without pipe 
Saline 
Dry  
Saline (10-30cm water)  
Saline (0 – 40cm) 
T12/st2 Sparse Grass (scald) 1. 40 perf 
2. 60 – open pipe 
3. 180 (90cm pipe) 
Saline 
Dry 
Saline (10-40cm water) 
Site 3    
T1/st4 Dense grass 1. 50 perf 
2. 80 – open pipe 
3. 170 (80cm pipe) 
Slightly saline 
Dry 
Slightly saline (20-40cm) 
T11/st4 Sparse grass (scald) 1. 40 perf 
2. 80 – open pipe 
Saline 
Dry  
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3. 180 (90cm pipe) 
4. 40 without pipe 
10 – 60cm saline 
Saline (0 – 40cm) 
T12/st1 Bare soil (scald) 1. 40 perf 
2. 80 – open pipe 
3. 180 (90cm pipe) 
4. 40 without pipe 
Saline 
Dry  
10 - 60cm saline 
Saline (0 – 40cm) 
 
 
Chapter 8 
 
Appendix 8.1 
Pitfall trap total animals – first survey. Total numbers of animals caught in the pitfall traps at 
each site during the first major survey, autumn 2005. The larvae were not identified. Sites 1, 2 
and 3 had 48 stations (= pitfall traps), Site 4 had 24 stations and Sites 5 to 10 had 16 stations. 
Taxa Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 Site 8 Site 9 Site 10 total 
Ants 2105 3153 3091 459 733 480 254 902 256 403 11836 
Beetle 28 82 35 3 2 8 3 23 15 30 229 
Cockroach 14 21 54 7 4 6 7 26 10 1 150 
Bug  5  2  2 1 6 1  17 
Grasshopper 8 5 2      1 2 18 
Cricket 3 51 2   10     66 
Fly 27 6 16 38 13 19 6 61 14 218 418 
Moth 9 2 7 4 12 3 1 5 6 4 53 
Wasp 2 3     1 1 1  8 
Spider 175 257 159 86 132 56 73 136 97 31 1202 
Mite 79 17 46 107 2 20 8 47 7 60 393 
Scorpion 1 19 5 2  1  2 1  31 
Slater   24  4   2 1  32 
Centipede 1 2 2 2  3 2 2 1  15 
Millipede 5 1  1 2  1    10 
larva 5 9 7   1  3   26 
thrip 2          2 
termite 1          1 
mantid  1         1 
ant lion  1         1 
flatworm  6         6 
cicada        1   1 
earwig       1    1 
slug      2     2 
mosquito    1      1 2 
caterpiller  1   1      2 
proturan    1       1 
Vertebrates            
Frog 8 3     4    16 
Lizard  4 22 5  1 2 1 1 1 37 
Gecko  3    1     4 
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Appendix 8.2. Scat analyses results performed by Dr Barbara Triggs (Dead Finish). Scats were 
collected from five sites. The same species scats were identified at all sites. Sample 19 from a 
bird was included as it was unusual.  
No. Date Site Scat Definite Probable 
1 10/6/05 Site 2 possum Trichosaurus sp. T. vulpecula 
2 7/2/06 Site 2 possum Trichosaurus sp. T. vulpecula 
3 21/3/05 Site 2 fox Vulpes vulpes; Ovis aries (prey)  
4 15/4/05 Site 2 macropod Wallabia bicolor  
5 28/3/05 Site 3 fox Ovis aries (prey); V vulpes (grooming)  
6 28/3/05 Site 3 possum Trichosaurus sp. T. vulpecula 
7 28/3/05 Site 3 possum Trichosaurus sp. T. vulpecula 
8 26/6/05 Site 1 macropod W. bicolor  
9 26/6/05 Site 1 macropod W. bicolor  
10 26/6/05 Site 1 macropod Macropus giganteus  
11 26/6/05 Site 1 macropod W. bicolor  
12 26/6/05 Site 1 macropod W. bicolor  
13 17/10/05 Site 8 possum Trichosaurus sp. T. vulpecula 
14 17/10/05 Site 2 possum Trichosaurus sp. T. vulpecula 
15 17/10/05 Site 2 macropod W. bicolor  
16 17/10/05 Site 2 herbivore O. aries   
17 17/10/05 Site 1 macropod W. bicolor  
18 17/10/05 Site 6 fox V. vulpes (grooming, insect material)  
19 17/10/05 Site 6 bird plant material; uric acid cap  
 
 
 
Chapter 10 
 
Appendix 10.1. 
Fungi and bacteria analyses performed on ten soil samples from three sites (Sites 1, 2 and 5) 
by the Soil Foodweb Institute in East Lismore.  
bs/g/t = Patch Types: Bare Soil – all scalds, Grass (Dense) and Treed. Dry weight is per 1g 
fresh material. ABB = active bacterial biomass; TBB = total bacterial biomass; AFB = active 
fungal biomass; TFB = total fungal biomass; TFTB = total fungi: total bacteria biomass; TAB = 
total actinobacteria biomass. ABB, TBB, AFB, TFB and TAB are all measured in µg/g. EC(1:5) is 
in µS/cm and CO2 data is taken from the ‘inverted box’ bulk soil respiration surveys (ml 
CO2/m2/hr). Desired range values are those supplied from Soil Foodweb. * = within range 
Site T/st scald bs/g/t Dry wt ABB TBB AFB TFB TFTB TAB EC pH CO2 
T 1/3 yes bare 0.99 4.7 92 0 348 3.8 11.9 900 5.8 22 
1 T3/1 yes bare 0.97 4.0 105 0 347 3.3 5.1 1200 5.4 31 
1 T3/2 yes bare 0.97 9.9 115 0.55 89.5 0.78 4.5 2700 4.9 31 
2 T11/2 yes bare 0.99 7.5 101 0 41.5 0.41 1.1 4450 10.5 28 
5 T4/4 yes bare 0.98 1.0 110 0 2.3 0.02 0 4200 10.3 22 
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mean    5.4 104* 0.11 166* 1.66* 4.5    
             
1  T1/4 no tree 0.98 12.7 143 1.02 512 3.58 36.1 102 5.1 234 
1  T3/4 no tree 0.97 12.7 107 1.15 521 4.85 36.3 320 5.9 414 
1  T6/3 no tree 0.96 10.0 135 2.94 475 3.51 9.17 115 5.8 637 
2  T2/3 no tree 0.93 6.6 107 3.43 406 3.79 6.18 171 5.1 374 
5  T4/1 no grass 0.99 6.6 134 3.24 326 2.42 5.91 56 6.1 163 
mean    9.7 125* 2.36 448 3.63* 18.7    
Desired 
range 
N/A N/A 0.45 
-0.85 
15  
- 25 
100  
-300 
15  
- 25 
100  
-300 
0.5  
– 10 
N/A <400 5 - 7  
 
